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Unambiguous identification of biological targets plays a significant role in 
biomedical research, clinical diagnostics, forensic science and food inspection. 
Fluorescent materials, such as small organic fluorophores, quantum dots, 
fluorescent polymers and proteins have found wide applications in 
development of bioprobes. Of particular interests are those with fluorescence 
turn-on capability as they are superior in reliability with reduced false-
positives as compared to turn-off formats. Nevertheless, several drawbacks 
remain existent in current technology, including high fluorescence background, 
acute cytotoxicity, requirements of complicated synthetic and modification 
steps. Fluorescent probes with improved sensitivity, selectivity, simple 
fabrication and rapid signal output are urgently in demand.  
The emergence of a novel class of fluorogens has attracted increasing 
research attention due to their aggregation-induced emission (AIE) 
characteristics. Different from most conventional fluorophores that undergo 
fluorescence quenching at high concentration, their emission is turned on at 
high concentration or in solid state. They have been engineered to be 
molecular probes for a wide range biomolecule targets. These probes are 
virtually non-fluorescent in aqueous media due to good water solubility and 
can be induced to emit strongly upon interaction with target analytes. However, 
the majority of the probes developed so far rely on electrostatic or 
hydrophobic interactions between the probes and targets which are not specific 
enough as the signal can be easily compromised by interfering substances. In 
this thesis, a series of fluorescence light-up probes based on AIE fluorogens 
have been designed and synthesized for target specific biosensing and 
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bioimaging applications. A general strategy involves the functionalization of 
an AIE fluorogen with ligands that can interact with targeting molecules to 
generate induced emission. Such probes are especially useful for detection of 
enzymes which can convert a nonfluorescent probe into a highly emissive 
product upon hydrolysis reaction. By functionalization with different ligands, 
we demonstrated the probes for detection and activity study of alkaline 
phosphatase and detection of caspase-3 and monitoring of caspase-regulated 
cell apoptosis. The assays show excellent selectivity and sensitivity with 
exceptionally high signal-to-noise ratio. Taking advantage of the charged 
nature of an AIE probe, such probes can also be utilized as a stain on solid 
paper support, which offers a cheap, portable, simple and rapid detection 
method superior performance compared to conventional fluorophores. We also 
explored nucleus targeted cell imaging by functionalizing an AIE fluorogen 












LIST OF TABLES 
Table 5.1 Photophysical properties of quinoline sulfate, TPE-2N3, Z-TPE-2A, 
E-TPE-2A and E/Z-TPE-2DEVD in 1 × PBS................................................ 126 
Table 6.1 LLS measurements of 10 μM TPE-NLS before and after incubation 
with different cellular components at saturated concentration in 1 × PBS 




















LIST OF FIGURES 
Figure 2.1 (A) Absorption and emission spectra of 10 mM 1a in ACN and 
ACN/water mixture (v/v = 1 : 99). Inset shows the corresponding photographs 
of solutions of 1 under UV lamp illumination. (B) Emission spectra of 2.5 mM 
1b in the absence and presence of ct DNA (300 μg mL-1) and BSA (500 μg 
mL
-1
) in phosphate buffer (pH 7.0). Reproduced from ref. 46 with permission. 
Copyright Royal Society of Chemistry 2006. .................................................. 43 
Figure 2.2 (A) Change in the fluorescence intensity of 9 with pH values at 
440 nm (I0 is the intensity at pH 12.01). Inset shows the fluorescence images 
of 9 in the aqueous buffers at pH 8.6 and 9.7 upon UV lamp excitation. (λex = 
365 nm). (B) Fluorescence intensity changes of 9 (50 μM) at 485 nm in the 
presence of different saccharide at various concentrations in carbonate buffer 
(2 vol % DMSO, pH 10.5). (I0 is the intensity in the absence of a saccharide). 
Inset shows the corresponding fluorescence images of 9 in the presence of 5 
mM saccharide. Reproduced from ref. 64 with permission. Copyright 
American Chemical Society 2011. .................................................................. 50 
Figure 3.1 
1
H (A) and 
13
C (B) NMR spectra of TPE-phos in DMSO-d6. ....... 69 
Figure 3.2 LC-MS spectra of synthesized TPE-phos. ..................................... 70 
Figure 3.3 UV-vis absorption (dashed line) and PL (solid line) spectra of 10 
μM TPE-2OH (blue) and TPE-phos (red) in DMSO/water (1:99 v/v). λex = 312 
nm. The inset shows the photographs of TPE-2OH (a) and TPE-phos (b) under 
UV lamp illumination (λex = 365 nm). ............................................................. 70 
Figure 3.4 Hydrodynamic diameters of TPE-2OH in DMSO/H2O (v/v = 1:99) 
measured by LLS. ............................................................................................ 71 
Figure 3.5 PL spectra of 10 μM TPE-phos alone, and that incubated with ALP 
(20 nM) in the absence and presence of inhibitor (EDTA) (0.5 mM) in Tris 
buffer (10 mM, pH 8.0). λex = 312 nm; λem = 450 nm. .................................... 72 
Figure 3.6 (A) PL spectra of TPE-2OH in different % Tris buffer fractions in 
DMSO. (B) Plot of I/I0 -1 of TPE-2OH in different % Tris buffer fraction in 
DMSO at 476 nm. Inset: image of TPE-2OH in 0% and 99% Tris buffer 
fraction in DMSO taken under UV lamp at 365 nm illumination. ([TPE-2OH] 
= 10 µM; λex = 312 nm.) .................................................................................. 73 
Figure 3.7 Bar graph of (I-I0)/I0 of TPE-phos incubated with different proteins 
in Tris buffer (10 nM, pH 8.0), where I0 and I are the PL intensities of 10 μM 
TPE-phos alone and that incubated with 20 nM proteins, respectively. λex = 
312 nm; λem = 450 nm. The inset shows the photographs of TPE-phos before 
(a) and after incubation with concentration of 10 μM. TPE-2OH and TPE-phos 
xi 
 
have the ALP (b) and BSA (c) in Tris buffer, respectively, taking under UV 
lamp illumination. ............................................................................................ 74 
Figure 3.8 Plots of fluorescence intensity of 10 μM TPE-phos in Tris buffer 
(10 nM, pH 8.0) (A) or 2% FBS (B) incubated with ALP at different 
concentrations for 20 min at room temperature. The insets show the linear 
fitting of the curve at ALP concentrations in ranges of 0–30 nM (A) 0–10 nM 
(B). λex = 312 nm; λem = 450 nm. ..................................................................... 75 
Figure 3.9 (A) Plot of fluorescence intensity TPE-phos versus TPE-phos 
concentrations (0–10 μM) after incubation with excess ALP (20 nM) in Tris 
buffer (10 nM, pH 8.0) for 20 min at room temperature. (B) Time-dependent 
fluorescence intensity of TPE-phos at different concentrations (2.5–50 μM) 
incubated with 20 nM ALP at room temperature in Tris buffer (10 nM, pH 
8.0). (C) Plot of initial velocity (V0) against TPE-phos concentration. The inset 
shows the Lineweaver-Burk plot for the reaction between TPE-phos and ALP. 
λex = 312 nm; λem = 450 nm. ............................................................................ 78 
Figure 3.10 LC-MS spectra of 10 μM TPE-phos after incubation with 20 nM 
ALP for 20 min. ............................................................................................... 78 
Figure 3.11 (A) Plot of fluorescence intensity 4-MUP versus 4-MUP 
concentrations (0–10 μM) after incubation with excess ALP (20 nM)  in Tris 
buffer (10 mM, pH 8.0) for 10 min at room temperature. The inset shows the 
photographs of 4-MUP (10 μM) before (a) and after (b) incubation with ALP 
(20 nM) under UV lamp excitation. (B) Time-dependent fluorescence intensity 
of 4-MUP at different concentrations (2.5–50 μM) incubated with 1 nM ALP 
at room temperature in Tris buffer. (C) Plot of initial velocity (V0) against 
TPE-phos concentration. The inset shows the Lineweaver-Burk plot for the 
reaction between TPE-phos and ALP.  λex = 350 nm; λem = 448 nm. ............. 81 
Figure 4.1 Calibration Curve for the Determination of LBA Concentration in 
the Supernatant. λex = 480 nm, λem = 520 nm. ................................................. 94 
Figure 4.2 Fluorescence images of paper strips with and without BSA 
treatment after incubation in TPE-phos, taking under UV lamp illumination 
(λex = 365 nm). ................................................................................................. 95 
Figure 4.3 (A) Fluorescence images of LBA-PS spotted paper strips incubated 
in different dilutions of TPE-phos from 10 mM stock solution in DMSO using 
Milli-Q water. (B) Fluorescence images of TPE-phos in solution state (a) and 
deposited on paper strip (b) at 80 × dilution by water. .................................... 96 
Figure 4.4 Fluorescence images of LBA-PS spotted paper strips incubated 
with 200 and 0 μg/mL lysozyme followed by 80 × TPE-phos diluted by Milli-
Q water adjusted to various pH. ....................................................................... 98 
xii 
 
Figure 4.5 Fluorescence images of LBA-PS immobilized paper strips stained 
with 0.125 mM TPE-phos (A), 0.125 mM (B) and 1 mM (C) quinine sulfate at 
lysozyme concentration of 100 µg/mL before (left) and after (right) washing 
steps.................................................................................................................. 99 
Figure 4.6 Fluorescence images (A) and their corresponding mean 
fluorescence intensity profile (B) of LBA-PS bead spotted paper strips 
incubated with different proteins at concentration of 100 μg/mL followed by 
incubation in 0.125 mM TPE-phos in DMSO/H2O (v/v = 1/79). .................. 100 
Figure 4.7 (A) photograph of LBA-PS bead spotted paper strips incubated 
with various concentrations of lysozyme followed by incubation in 0.125 mM 
TPE-phos in DMSO/H2O (v/v = 1/79) taken under UV lamp excitation (λex = 
365 nm). (B) Plot of mean fluorescence intensities of LBA-PS bead spotted 
paper strips againt lysozyme concentrations. Inset shows linear plot in the 
range of 0–100 μg/mL of lysozyme. .............................................................. 101 
Figure 5.1 
1
H NMR and 
13
C NMR spectra of E-TPE-2DEVD (A & B) and Z-
TPE-2DEVD (C & D),  respectively. ............................................................ 119 
Figure 5.2 Single crystal structure of E-TPE-2N3 determined by XRD. ...... 120 
Figure 5.3 Characteristic 
1
H NMR spectra (7.50–8.50 nm) of (a) E-TPE-
2DEVD in Figure 5.1A and (b) Z-TPE-2DEVD in Figure 5.1C and (c) E-TPE-
2DEVD synthesized from E-TPE-2N3........................................................... 121 
Figure 5.4 UV-vis absorption (dashed line) and PL (solid line) spectra of 10 
μM TPE-2N3 (blue) and TPE-2DEVD (red) in DMSO/water (1:99 v/v). λex = 
320 nm. The inset shows their respective photographs of under UV lamp 
illumination (λex = 365 nm). .......................................................................... 122 
Figure 5.5 PL spectra of E- and Z-TPE-2DEVD in the before and after 
incubation with caspase-3 in the presence and absence of inhibitor Z-DEVD-
FMK in DMSO/PIPES buffer (v/v = 1/199).  [E/Z-TPE-2DEVD] = [E/Z-TPE-
2A] = [inhibitor] = 10 µM, [caspase-3] = 3 µg mL
-1
, ex = 320 nm. ............. 123 
Figure 5.6 (A) Time-dependent PL spectra of E and Z-TPE-2DEVD upon 
addition of caspase-3 from 0 to 60 min. (B) Hydrolysis of E- and Z-TPE-
2DEVD by caspase-3 monitored by HPLC. [E/Z-TPE-2DEVD] = 10 µM. 
[caspase-3] = 3 µg mL
-1
.ex = 320 nm. .......................................................... 126 
Figure 5.7 PL spectra of Z-TPE-2DEVD in the presence of different amounts 
of caspase-3 (0, 0.15, 0.3, 0.6, 1.5 and 3 µg mL
-1
). [E/Z-TPE-2DEVD] = 10 
µM. [caspase-3] = 3 µg mL
-1
.ex = 320 nm. .................................................. 127 
Figure 5.8 Plot of (I-I0)/I0 versus different proteins, where I and I0 are the PL 
intensities at protein concentrations of 100 and 0 nM, respectively. [Z-TPE-
xiii 
 
2DEVD] = 10 µM. ex = 320 nm. The inset shows the photographs of Z-TPE-
2DEVD in the presence of cathepsin B (a) at 100 nM, respectively upon UV 
lamp illumination. .......................................................................................... 128 
Figure 5.9 Fluorescence microscope images. Normal MCF-7 cells treated 
with (A&B) E-TPE-2DEVD and (E&F) Z-TPE-2DEVD; Apoptotic MCF-7 
cells treated with (C&D) E-TPE-2DEVD and (G&H) Z-TPE-2DEVD. [E-
TPE-2DEVD] = [Z-TPE-2DEVD] = 10 µM. Staurosporine (STS, 3 µM) was 
used to induce cell apoptosis. The images were acquired using fluorescence 
microscope (Nikon) equipped with DAPI filter. The scale bar of 10 μm 
applied to all images. ..................................................................................... 129 
Figure 5.10 Metabolic viability of MCF-7 cancer cells after incubation with 
TPE-N3, Z-TPE-2DEVD at concentrations of 5, 10 and 25 EM for 24 and 48 h, 
respectively. ................................................................................................... 130 
Figure 5.11 Z-TPE-2DEVD at 10 μM taken before and after treatment of STS 
(3 μM). The images were acquired using a fluorescence microscope (Nikon) at 
excitation of 370 nm, collected above 420 nm. ............................................. 130 
Figure 5.12 CLSM and bright field images of MCF-7 cells stained with Z-
TPE-2DEVD (10 μM) without (A, E) with and treatment of cisplatin (B, F), 
sodium ascorbate (C, G) and STS (D, H) at 3 μM each. The nuclei were 
stained by PI for 10 min before imaging. The blue signal is collected between 
430-470 nm upon excitation at 405 nm, and the red signal is collected above 
560 nm upon excitation at 543 nm. The scale bar of 30 μm applied to all 
images. ........................................................................................................... 132 
Figure 6.1 
1
H NMR spectrum of TPE-NLS in DMSO-d6............................. 144 
Figure 6.2 LCMS-IT-TOF characterization of TPE-NLS. ........................... 144 
Figure 6.3 UV-vis absorption (dashed line) and PL (solid line) spectra of 10 
μM TPE-N3 (blue) and TPE-NLS (red) in DMSO/water (1:99 v/v). λex = 312 
nm. The inset shows the corresponding photographs of TPE-N3 (a) and TPE-
NLS (b) taking under UV lamp illumination (λex = 365 nm). ....................... 145 
Figure 6.4 Fluorescence intensity of 1 μM TPE-NLS upon addition of cellular 
components: dsDNA (A) and histone (B) at different concentrations. λex = 312 
nm, λem = 480 nm. .......................................................................................... 147 
Figure 6.5 Fluorescence intensity of 10 μM TPE-NLS upon addition of 
cellular components: dsDNA (A), histone (B) and nuclear lysate (C) at 
different concentrations. λex = 312 nm, λem = 480 nm. .................................. 147 
Figure 6.6 Fluorescence image (A), bright field image (B) and fluorescence/ 
bright field overlapped image of MCF-7 cells treated with TPE-NLS at 50 μM 
xiv 
 
for 12 h. The fluorescence signal is collected above 420 nm upon excitation at 
360 nm. CLSM Z-section images of MCF-7 cells treated with TPE-NLS at 50 
μM for 12 h (D), DRAQ 5TM at 50 μM for 10 min (E) at 37oC, and the 
overlapped image (F). The blue signal is collected between 430-470 nm upon 
excitation at 405 nm for TPE-NLS, and the red signal is collected above 650 
nm upon excitation at 633 nm. ....................................................................... 150 
Figure 6.7 Fluorescence images of MCF-7 cells treated with TPE-NLS at 50 
μM for 4 (A), 12 (B), and 24 h (C), respectively. The fluorescence signal is 
collected above 420 nm upon excitation at 360 nm. Images D-F are the 
corresponding bright field images. The scale bar of 30 μm applied to all 
images. ........................................................................................................... 151 
Figure 6.8 (A) In vitro viability of MCF-7 cancer cells treated with TPE-NLS 
solution at concentration of 50 µM for 4, 12 and 24 h, respectively. (B) In 
vitro viability of MCF-7 cancer cells treated with TPE-NLS and DRAQ5 
solution at concentration of 10 µM for 12, 24 and 48 h, respectively. The 
percentage cell viability of treated cells is calculated relative to that of 
untreated cells with a viability arbitrarily defined as 100%. The data is based 
on six measurements. ..................................................................................... 153 
Figure 6.9 Fluorescence images of SKBR-3 (A) and U87MG (B) cells treated 
with TPE-NLS at 50 μM for 12 h. The fluorescence signal is collected above 
420 nm upon excitation at 360 nm. Images C and D are the corresponding 















LIST OF ILLUSTRATIONS 
Scheme 2.1 Schematic illustration of fluorescence turn-on assay for human 
carbonic anhydrase I (hCA) based on disassembly of fluorophores. 
Reproduced from ref. 1 with permission. Copyright American Chemical 
Society 2010..................................................................................................... 29 
Scheme 2.2 Schematic illustration of sensing pentablock copolymer/DNA 
polyplex dissociation using QDs. Reproduced from ref. 4 with permission. 
Copyright American Chemical Society 2011. ................................................. 31 
Scheme 2.3 Schematic illustration of DNA hybridization detection with 
molecular beacon. Reproduced from ref. 6 with permission. Copyright Nature 
Publishing Group 1996. ................................................................................... 32 
Scheme 2.4 Schematic illustration of phosphate sensing based on PET using 
an alkylamino anthracene derivative. Reproduced from ref. 20 with permission. 
Copyright American Chemical Society 1989. ................................................. 35 
Scheme 2.5 Sensing of α-amino-carboxylate based on carbonyl addition 
reaction induced PET. Reproduced from ref. 21 with permission. Copyright 
American Chemical Society 2008. .................................................................. 36 
Scheme 2.6 Schematic illustration of pH sensitive probe for sensing of 
lysosomal viscosity. Reproduced from ref. 22 with permission. Copyright 
American Chemical Society 2013. .................................................................. 37 
Scheme 2.7 Fluorogenic probe for sensing of thiols. Reproduced from ref. 24 
with permission. Copyright Elsevier 2008....................................................... 38 
Scheme 2.8 Fluorogenic probe for monitoring of endocytosis process. 
Reproduced from ref. 27 with permission. Copyright Elsevier 2013. ............. 39 
Scheme 2.9 Typical molecular structures of AIE fluorogens.......................... 41 
Scheme 2.10 Molecular structures of AIE fluorogens 1–7. ............................ 43 
Scheme 2.11 Schematic illustration of ratiometric probe for heparin detection 
based on an AIE fluorogen (8) and an anthracene chromophore. Reproduced 
from ref. 60 with permission. Copyright Royal Society of Chemistry 2011. .. 47 
Scheme 2.12 Schematic illustration of turn-off assay for AChE based on 
disassembly of AIE fluorogen (3). Reproduced from ref. 61 with permission. 
Copyright American Chemical Society 2009. ................................................. 48 
xvi 
 
Scheme 2.13 Thiol-specific AIE probe (10) based on thiol-ene click 
mechanism from ref. 66. .................................................................................. 51 
Scheme 2.14 Schematic illustration of specific detection of integrin using AIE 
probe (11). Reproduced from ref. 67 with permission. Copyright American 
Chemical Society 2012. ................................................................................... 53 
Scheme 2.15 Schematic illustration of light-up probe (12) for detection of 
caspase-3/7 for monitoring of cell apoptosis. Reproduced from ref. 68 with 
permission. Copyright American Chemical Society 2012. .............................. 54 
Scheme 3.1 Illustration of design principle of ALP assay. Reproduced from 
the original work of the author with permission.
25
 Copyright American 
Chemical Society 2013 (applies to all figures/schemes in this chapter). ......... 67 
Scheme 3.2 Synthetic route for the probe TPE-phos. ..................................... 68 
Scheme 4.1 Schematic illustration of paper-based lysozyme assay. ............... 87 
Scheme 5.1 Schematic illustration of caspase-3 detection using TPE-2DEVD 
probe. ............................................................................................................. 116 
Scheme 5.2 The synthetic route to TPE-2N3. ................................................ 117 
Scheme 5.3  “Click” synthesis of E and Z-TPE-2DEVD. ............................. 117 
Scheme 5.4 The catalytic cleavage of TPE-2DEVD by caspase-3. .............. 123 
Scheme 6.1 Schematic illustration of TPE-NLS as nuclear light-up probe. . 137 













LIST OF SYMBOLS 
4-MUP 4-methylumbelliferyl phosphate  
AChE acetylcholinesterase 
ACQ aggregation-caused quenching 
ADP adenosine 5'-diphosphate 
AIE aggregation-induced emission 
AMP 5'-monophosphate  
ATC acetylthiocholine iodide  
ATP 5'-triphosphate  
BODIPY boron dipyrromethene 
BSA bovine serum albumin 
CHAPS 3-[(3-cholamidopropyl)dimethylammonio] 
propanesulfonic acid  
CLQ chloroquine 
CLSM confocal laser scanning microscopy 
cRGD cyclic arginine−glycine−aspartic acid tripeptide  




DIEA N,N-diisopropylethylamine  
DMSO dimethyl sulphoxide 





dsDNA double-stranded DNA 
EB ethidium bromide 
EDANS 5-(2’-aminoethyl)aminonaphthalene-1-sulfonic acid 
EDTA ethylenediaminetetraacetic acid disodium 
FBS fetal bovine serum 
FRET Förster resonance energy transfer 
GO graphene oxide  
GSH glutathione 
hCA human carbonic anhydrase I 
HOMO highest occupied molecular orbital 
HPLC high performance liquid chromatography 
HPS hexaphenylsilole 
HRMS high-resolution mass spectra  
IT-TOF ion trap-time-of-flight 
LBA lysozyme binding aptamers  
LC-MS liquid chromatography–mass spectrometry 
LLS laser light scattering 
LUMO lowest unoccupied molecular orbital 
lys lysozyme 
MES 2-morpholinoethanesulfonic acid 
MOCAc (7-methoxycoumarin-4-yl)acetyl 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide 
NIRF near-infrared fluorescent  
NLS nuclear localization signal 
xix 
 
NMR nuclear magnetic resonance 
pap papain 
PBS phosphate buffered saline 
pep pepsin 
PET photoinduced electron transfer 
PI 4',6-diamidino-2-phenylindole 
pI isoelectric point  
PIPES piperazine-N,N’-bis(2-ethanesulfonic acid) 
PL photoluminescence 
PS polystyrene 
QD quantum dot 
QY or Φ quantum yield 
RIR restriction of intramolecular rotation  
RNA ribonucleic acid 
ssDNA single-stranded DNA 
ST staurosporine 
TAT trans-activator of transcription  
TFA trifluoroacetic acid  
THF tetrahydrofuran 
TMS-I iodotrimethylsilane 









CHAPTER 1  INTRODUCTION 
1.1 Background 
Detection of biological agents plays an important role in medical, 
pharmaceutical, food, environment and forensic sciences.
1-3
 Recent technology 
has witnessed vast advancement in development of novel materials or 
strategies for biosensors or bioprobes. Bioprobes are devices or materials that 
recognize a specific biological target through binding with the recognition 
components and convert the interaction into a detectable signal via the 
transduction component.
4
 The types of signal transduced generally include 
optical signals such as colorimetric or fluorometric output, electrical and 
radioactive signals depending on the nature of signal reporter. Development of 
bioprobes with good reliability, high sensitivity and selectivity, ease of 
operation remains in demand.  
Fluorescent bioprobes have gained tremendous research interest due to 
its high sensitivity, simplicity and versatility.
5
 Good sensitivity of bioprobes 
requires the sensory materials to identify the presence of the target of interest 
from its background. Thus signal-to-background ratio becomes an importance 
parameter for assessing the performance of a bioprobe. The selectivity of the 
sensor, which refers to the ability of the probe to discriminate the minute 
difference between the target and the interfering substances is usually 
achieved by labeling of a target specific ligand such as nucleic acid aptamers, 
peptides and functional groups. Therefore, fluorophores with high quantum 




bioprobes to be compatible in real sample assay or biological imaging, they 
have to process additional traits such as water solubility, low cytotoxicity and 
laser compatible absorption properties. 
A vast variety of fluorescent materials have been explored for 
biosensing applications, such as small organic fluorophores, fluorescent 
polymers, quantum dots, noble metal nanoclusters and fluorescent proteins.
6-10
 
However, each has their own advantages and limitations. For example, 
conventional fluorophores have small Stokes shift and are subject to self-
quenching at concentration, which may produce high background signal or 
low signal-to-background ratio. Quantum dots have high quantum yield, but 
suffer from a major drawback in high cytotoxicity, which limits their 
application in cellular imaging.  
Bioprobes based on fluorescence turn-on response are generally more 
advantageous than those based on turn-off signals as they are resistant to 
interference and can reduce the likelihood of false positive results. A few 
strategies have been utilized for turn-on bioprobes, such as release of 
quenching by external quencher or self-quenching, fluorogenic probes that 
produce enhanced fluorescence upon target interaction and DNA intercalating 
dyes, which will be introduced in the section of literature review. One general 
drawback exists for most formats is the high fluorescence background as the 
fluorescence of the probe is not completely quenched in “off” state. In 
addition, many fluorogenic probes require vigorous molecular design and 
modification, which makes it less versatile in biosensing applications. 
Recently, fluorogens with aggregation-induced emission (AIE) stand out 




Unlike conventional fluorophores that experience quenched fluorescence at 
high concentration, AIE fluorogens are nonfluorescent in solubilized state and 
become strong emitters in aggregated states.
11
 This phenomenon is not trivial 
as it could provide tactful solutions to many problems of current sensing 
systems. AIE fluorogens can be easily functionalized with various chemical 
groups or ligands through coupling chemistry to render them water soluble 
and selective towards certain analytes to generate light-up signals. One 
striking advantage of AIE fluorogen is the high signal-to-background as 
compared to conventional fluorophores. AIE fluorogens have gained 
increasing importance in biosensing and bioimaging applications.
12
 
Nevertheless, there is much more expectation exploring in the field of target 
specific sensing.  
1.2 Research Objective 
The fascinating properties of AIE fluorogens prompt the development of 
molecular probes with AIE characteristics for detection of biomolecules and 
cell imaging. To date, AIE probes have been demonstrated for detection of 
nucleic acids, proteins, sugars and small molecules, as well as monitoring of 
enzyme activity and biomolecule interactions.
12
  However, some of the assays 
are based on fluorescence turn-off response, which are less desirable. In 
addition, among the fluorescence turn-on probes, most assays rely on 
nonspecific interactions, such as electrostatic or hydrophobic interactions 
between the probe and target biomolecule, which are subject to interference, 
greatly limits their real application in complex media that contain a host of 




AIE fluorogen has just taken off and are bound to show high promise in real-
time biosensing, drug screening, and targeted cell imaging. Another important 
factor to be considered is the cost-effectiveness, as when technologies are 
eventually brought to practical applications, cost and easy practice are always 
the concern.  
 This thesis aims to develop a group of highly versatile AIE fluorogen-
based probes that are capable for biodetection and bioimaging with improved 
performances. It aims to demonstrate a general strategy for fabrication of 
target specific AIE probes which can be easily extended to other type of 
targets. The focus is to impart targeting ability to AIE fluorogens through 
proper functionalization. To further simplify detection process, paper-based 
detection systems are explored using AIE fluorogens as stains. 
Tetraphenylethylene (TPE), an ionic AIE flurogen, is used throughout the 
studies for development of bioprobes. TPE is especially attractive owing to its 
stability, ease of synthesis and functionalization and high emissivity.
13-14
  
 The specific objectives of this thesis can be summarized as follows: 
1. To design and synthesize AIE probes for specific detection of proteins 
and provide a generalized strategy for detection of a wide range of 
molecules. 
2. To expand the detection platform of AIE probes to paper-based 
detection systems. To demonstrate its visual sensing capability and 
superiority to other alternative probes in this format. 
3. To design and synthesize an AIE probe in two stereoisomers for 




effectiveness of probes towards caspase with respect to isomeric 
structures. 
4. To design and synthesize AIE probes for nuclear targeted imaging . 
1.3 Thesis Outline 
The doctoral thesis consists of 7 chapters. Chapter 1 provides a background of 
biosensing technology and its problems, as well as the research objective and 
thesis outline. In Chapter 2, relevant literature on fluorescence turn-on probes 
based on conventional fluorophores and bioporobes based on AIE fluorogens 
are reviewed. 
Taking advantage of the novel properties of AIE fluorogens, Chapters 3–
6 explore their application as fluorescent probes for biodetection and cell 
imaging. The focus is on developing a generally applicable strategy for 
fabrication of target specific probes by conjugation of a target recognition 
moiety. The light-up response is achieved based on two mechanisms: through 
generation of hydrophobic AIE-active species upon cleavage reaction (Chapter 
3 and 5) and probe-target binding induced aggregation followed by AIE 
activation (Chapter 4 and 6). The AIE probes developed not only show great 
potential for molecular detection in solution and lab-on-a-chip format, but are 
also promising for fluorescence imaging of cells and cellular activities. 
Chapter 3 reports the design and synthesis of TPE functionalized with 
two phosphate groups for specific detection of alkaline phosphatase (ALP) and 
study of enzymatic kinetics. An emissive product is generated upon the ALP 
catalyzed cleavage reaction. The optical properties of the probe TPE-phos are 




attempted. Due to the negatively charged nature of TPE-phos and its ability to 
interact with positively charged species, Chapter 4 explores the feasibility of 
TPE-phos as a fluorescent stain for paper-based detection of lysozyme. 
Lysozyme binding aptamer was used for capturing of lysozyme which then 
binds with TPE-phos to produce fluorescence signals based on the electrostatic 
complexation-induced emission. The performance of this assay is compared to 
that using a conventional fluorophore.  
Previous work has demonstrated a caspase probe based on a TPE 
fluorogen functionalized with a caspase specific substrate with sequence of 
DEVDK. To further enhance the water solubility and reduce fluorescence 
background of the probe, a new probe with a TPE functionalized with two 
arms of DEVDs are designed and synthesized in Chapter 5. As the probe 
exists in two stereoisomers, both isomers are purified and characterized to 
confirm their isomeric structure. They are subsequently tested for detection of 
caspase and monitoring of caspase activity in live cells as well as screening of 
apoptosis-inducing drugs. 
Chapter 6 presents the application of AIE probe as a nuclear imaging 
agent by functionalization with a peptide with nuclear localization signal. The 
peptide not only renders the probe highly water soluble, but also navigates the 
probe into cell nucleus. The individual interaction between the probe and 
various cellular components are studied. Fluorescence imaging is subsequently 
performed in several types of cancer cells.  
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CHAPTER 2  LITERATURE REVIEW 
2.1 Fluorescence Turn-On Assays Based on Conventional 
Fluorophores 
2.1.1 Biosensing Based on Disassembly-Released Quenching 
There exists a ubiquitous phenomenon among most conventional fluorophores, 
that is the tendency to have weakened or quenched fluorescence at high 
concentration. Hence, it is possible to construct fluorescence turn-on probe by 
reversing the process. The general strategy involves a fluorophore conjugated 
to a ligand specific to a certain molecule or event, with high fluorophore 
density to experience self-quenched fluorescence. The disassembly or 
disaggregation of the fluorophore upon target recognition leads to recovered 
fluorescence. This approach has been widely adopted for biosensing 
applications using various disassembly formats. 
A fluorescence turn-on probe for selective detection of protein was 
developed by attaching a protein ligand to a fluorophore.
1
 As shown in scheme 
2.1, this amphiphilic fluorescence consists of a hydrophobic BODIPY 
fluorescence reporter and a benzenesulfonamide, a ligand for human carbonic 
anhydrase I (hCA). In aqueous solution, the probe molecules self-assemble to 
aggregates and exhibits extremely weak emission with an absorption 
maximum at 572 nm. Upon addition of increasing amount of hCA, the 
absorption maximum gradually shifted to 565 nm with a fluorescence 
enhancement of 38-fold at the saturation point. The turn-on response is 




also suggested by atomic force microscopy measurement. The probe shows a 
linear detection range up to 25 μM of hCA with a detection limit of 20 nM. 
 
Scheme 2.1 Schematic illustration of fluorescence turn-on assay for human 
carbonic anhydrase I (hCA) based on disassembly of fluorophores. 
Reproduced from ref. 1 with permission. Copyright American Chemical 
Society 2010. 
The disassembly-caused dequenching has also been demonstrated for in 
vivo imaging of tumor-associated lysosomal protease activity with a near-
infrared fluorescent (NIRF) probe.2 A synthetic graft copolymer consisting 
of poly-L-lysine backbones and methoxypolyethylene glycol side chains is 
used as the delivery vehicle for the self-quenched dye Cy5.5. In this bound 
state, the fluorescence of Cy5.5 is 15-fold lower than that of its free form. The 
free unmodified lysines of the backbone serve as cleavage sits for protease 
(trypsin), which is expressed in an elevated level in tumors. Results show that 
95% of the quenched fluorescence is recovered upon treatment with trypsin. It 
is found that no breast tumors are detectable in tumor-bearing mouse before 
and after immediate injection of the probes, while detectable NIRF signals are 
collected after 24 h injection, indicating the digestion of the polypeptide and 
dissociation of Cy5.5 dyes upon enzymatic activation. This probe was later 
used for detection of proteolysis noninvasively in vivo at the cellular level by 






Inorganic fluorophores such as quantum dots have also been used for 
biosensing taking advantage of release of quenching through disaggregation. 
One example demonstrated the sensing of polymer/DNA dissociation using a 
pH-responsive polymer and QDs as the fluorescent probe.
4
 As shown in 
Scheme 2.2, a pentablock copolymer is designed to form complex with 
plasmid DNA followed by binding with CdSe QDs via tertiary amine 
segments. It was found that increasing concentration of polymer and DNA 
leads to weaker fluorescence. The fluorescence quenching was revealed to be 
attributed both static and dynamic quenching from the copolymer and DNA 
and self-quenching of QDs. A common lysosomotropic (lysosome localizing) 
agent, chloroquine (CLQ), plays an important role in assisting in gene delivery 
and release of DNA from polymers. Upon exposure to CLQ, the fluorescence 
of the probe is turned on due to dissociation of the polymer/DNA complex 
triggered by CLQ. By monitoring the fluorescence changes of the system, the 
probe is potentially useful for study of DNA release inside cells. Water-
soluble alkynylplatinum(II) terpyridyl complexes were also shown to have 
switchable NIR emission in response to pH variation based on the self-
assembly and disassembly of the probe and were used for tracking of 















Scheme 2.2 Schematic illustration of sensing pentablock copolymer/DNA 
polyplex dissociation using QDs. Reproduced from ref. 4 with permission. 
Copyright American Chemical Society 2011. 
2.1.2 Biosensing Probes with Emitter/Quencher Pairs 
One of the most common strategies for fluorescence turn-on assay utilizes a 
target recognition element with a fluorophore-quencher pair to modulate 
fluorescence intensity changes through manipulation of their distance. When 
the emitter and quencher reside at close distance, energy transfer occurs from 
the energy donor (emitter) to the energy acceptor (quencher), leading to 
quenched fluorescence. Upon target recognition, the quencher and emitter are 
separated further away which makes their distance too long for energy transfer, 
thus a recovered fluorescence is observed.  
Perhaps the most commonly used recognition element is molecular 
beacons (MBs), which can be an oligonucleotide
6
 or peptide. 
7
 Early in 1996, a 
MB was reported for detection of DNA hybridization.
6
 In this design, a 
fluorophore 5-(2’-aminoethyl)aminonaphthalene-1-sulfonic acid (EDANS) 
and a well-known molecular quencher 4-(4’-dimethylaminophenylazo) 
benzoic acid (Dabcyl) are linked by an oligonucleotide at the 5- and 3-ends, 




way that the two ends complementary to each other and hybridize to for a stem 
loop conformation. As the emission of EDANS overlaps well the absorption of 
Dabcyl, fluorescence resonance energy transfer (FRET) can occur between the 
two when they are sufficiently close. It was found that the MB can hybridize 
spontaneously with its complementary DNA target and undergo a change in 
conformation which brings fluorophore-qencher pair apart to release 
quenching. A 25-fold fluorescence enhancement was observed. Later, MBs 
have been extensively used for real time PCR,
8













Fluorophore Quencher EDANS    Dabcyl
 
Scheme 2.3 Schematic illustration of DNA hybridization detection with 
molecular beacon. Reproduced from ref. 6 with permission. Copyright Nature 
Publishing Group 1996. 
In addition to the above molecular beacons based on conventional 
fluorophores and quenchers, molecular beacons have also been integrated with 
quantum dots (QD) as the emitter and graphene oxide (GO) as the quencher 
for biosensing.
12
 Such a construction has been reported to have greater 




oligonucleotide molecular beacon aptamer that can recognize specific targets 
such as thrombin. In the absence of thrombin, the strong interaction between 
the MB and GO causes the close contact between QD and GO which greatly 
quenches the fluorescence of QD through FRET from QD to GO. Upon 
incubation with thrombin, the MO binds to thrombin which causes the release 
of QD and increased distance between the donor-acceptor pair to result in 
recovered fluorescence. This assay can be easily extended to other analytes 
using a different binding aptamers. QDs have also been coupled to gold 
nanoparticles for biosensing applications.
13
 
Another type of fluorescence turn-on probes typically consist of a 
peptide substrate labeled with a fluorophore-quencher to constitute a major 
group of fluorogenic probes which are especially effective for detection of 
enzyme and monitoring of enzymatic activities.
14-15
 As an example, two 
fluorogenic probes are constructed by attaching a fluorophore (7-
methoxycoumarin-4-yl)acetyl (MOCAc) and a quencher 2,4-dinitrophenyl 
(Dnp) group to a peptide substrate specific to cathepsin  D or E, two major 
intracellular aspartic proteinases.
16
 Once the peptide substrate is cleaved by 
cathepsin D or E, the fluorescence quenching of MOCAc by Dnp is released, 
causing regenerated fluorescence. Such probes usually have high selectivity 
and reliability and have been widely commercialized for targeting a variety of 
enzymes. 
2.1.3 Bioprobes Based on Photoinduced Electron Transfer 
Another mechanism for biosensing is based on photoinduced electron transfer 
(PET). The basic principle can be illustrated using the exciplex formed from 
an aromatic latent fluorophore and amines.
17




pair of the fluorophore is excited to a higher energy level (LUMO), leaving 
vacancies in the lower energy level (HOMO). The lone electron pair localized 
around nitrogen within the nearby amine will then be transferred to the 
HOMO, a process called PET. As the fluorescence emission only occurs when 
the excited electrons return from LUMO to HOMO, the PET will annihilate 
the photo-emission, causing quenched fluorescence. In the presence of a 
proton or cation, the lone electron pair of amine will bind to the electron 
acceptor and lower their energy. This will inhibit the electron transfer to the 
aromatic rings, and the fluorophore is not quenched. Another scenario of PET 
is that instead of occupation of the empty HOMO of the fluorophore by an 
electron donor, the excited electron in the LUMO can transfer to another 
electron acceptor to result in fluorescence quenching. Based on the principles 




Fluorescence turn-on probes based on PET can be easily employed for 
sensing of anionic species. For example, an anthracene derivative with an 
aminoalkyl side chain was reported for detection of phosphate (Scheme 2.4).
20
 
The fluorophore is initially non-fluorescent due to the PET process within the 
molecule. The hydrogen bonding between the phosphate and amine group 
blocks the PET of electron pair of the nitrogen to the anthracene moiety and 
recovers it fluorescence. Similar strategies have been used for detection of 
citrate. However, the probes based on  such PET mechanism are limited to 
fluorophores with long wavelength probes as the PET process becomes less 
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Scheme 2.4 Schematic illustration of phosphate sensing based on PET using 
an alkylamino anthracene derivative. Reproduced from ref. 20 with 
permission. Copyright American Chemical Society 1989. 
Chemical probes based on noncovalent interaction of receptor and 
analyte are usually less selective as the reversible bonding can be disturbed by 
interfering substances. Reactive probes that involve chemical reactions 
between receptor and analyte to form covalent bonds have also been 
developed in view of their higher selectivity. Scheme 2.5 illustrates an 
example of an anthracene derivative for detection of α-amino-carboxylate with 
fluorescence turn-on response using scenario 2.
21
 The probe itself is non-
fluorescent due to the PET from the fluorophore to the LUMO of the 
trifluoroacetophenone. In the presence of α-amino-carboxylate, covalent bonds 
are formed due to the carbonyl addition reaction between the analyte and 
probe, which blocks the PET process to restore the emission. This probe has 
demonstrated significant turn-on ratio due to efficient fitting of probe-analyte 





Scheme 2.5 Sensing of α-amino-carboxylate based on carbonyl addition 
reaction induced PET. Reproduced from ref. 21 with permission. Copyright 
American Chemical Society 2008. 
Another important aspect of PET-biosensing is the development of pH 
sensitive probes. Recently, a lysosomal targeting probe was developed for 
monitoring lysosomal viscosity in living cells.
22
 As shown in Scheme 2.6, the 
probe consists of a morholine unit attached to a typical boron dipyrromethene 
(BODIPY) molecular rotor. The rotor provides the sensitivity for viscosity as 
it can rotate freely in low viscosity and vice versa. The morpholine moiety 
(pKa = 5–6) acts as a pH sensor and it can only be protonated in lysosomes 
which has an acidic environment. The fluorescence of the probe is initially 
quenched due to the PET from morpholine to BODIPY. When the probe 
enters lysosome, the protonation of morpholine renders it unable to transfer 
electron to the fluorophore, leading to induced emission.  





Scheme 2.6 Schematic illustration of pH sensitive probe for sensing of 
lysosomal viscosity. Reproduced from ref. 22 with permission. Copyright 
American Chemical Society 2013. 
2.1.4 Other Fluorogenic Probes 
Other types of fluorogenic probes generally entail a target reactive binding 
unit and a latent fluorophore that is converted to a highly fluorescent species 
upon reaction with the target molecule. There are two major forms of 
conversion: fragmentation of the probe over the alkoxy group to generate a 
fluorescent dye and a ring-opening or -closing reaction that forms a 
conjugated system with generated fluorescence. Through proper design of 
probe structure, fluorescence turn-on probes can be developed for sensing 
thiol-containing species and various enzymes.
23
 
For example, a benzoquinone substituted long-wavelength coumarin 
fluorophore has been developed for detection of thiols.
24
 The presence of a 
thiol can trigger a tandem reaction, thiol-induced benzoquinone reduction and 
quinone–methide-type rearrangement reaction, to release the highly 
fluorescent anionic coumarin (Scheme 2.7). These reactions are spontaneous 
and irreversible in aqueous media and were tested against various amino acids. 
It was found that fluorescence turn-on was observed for all thiol-containing 
species, including cysteine, homocysteine and glutathione, while the probe 
was not responsive to other non-thiol amino acids. The sensing range of the 
probe for thiols is 1–100 μM. Fluorescein-derived probes have also been 
constructed based on fragmentation generated fluorescence for detection of 
thiols
25







Scheme 2.7 Fluorogenic probe for sensing of thiols. Reproduced from ref. 24 
with permission. Copyright Elsevier 2008. 
Another example of fluorogenic probe is constructed from a rhodamine 
fluorophore conjugated to an enzyme-activatable lipid for monitoring of 
endocytosis process (Scheme 2.8).
27
 It is proposed that the rhodamine 
fluorophore is initially masked by the trimethyl lock which is an acetyl ester. 
Upon internalization into cells, the lipid encounters endosomal esterases which 
cleave the ester bond to result in a ring-opening process within rhodamine, 
leading to generation of highly fluorescent fluorophore. As expected, the 
probe is non-fluorescent when incorporated into human cell membranes, but 
becomes fluorescent after endocytosis. Based on similar strategies, rhodamine 











Scheme 2.8 Fluorogenic probe for monitoring of endocytosis process. 
Reproduced from ref. 27 with permission. Copyright Elsevier 2013. 
2.1.5 Biosensing Using DNA-Intercalating Dyes 
Another important category of light-up probe is nucleic acid stains that show 
enhanced fluorescence upon binding with single or double-strand nucleic acid 
as compared to their free form. The most common binding mode is through 
intercalation of the molecular probe between the stacked base pairs of DNA 
duplex. Other binding modes such as minor groove binding and external 
binding are also found. Although the light-up mechanism for some dyes 
remains debatable, it is generally believed that the low fluorescence of the free 
dye is possibly attributed to a combination of quenching by water and the free 
molecular rotation in the excited states that deactivates the radiation energy.
29
 
Once the probe binds to the target strand, a hydrophobic microenvironment is 
created and the probe becomes highly emissive due to the motion hindrance. 
Many of these dyes have been commercialized and through molecular design, 
they can cover the entire visible to near-IR spectrum, cater for a variety of 
biotechnology such as molecular biology and clinical diagnosis.
30
 
Cyanine dyes are among the most popular fluorescent probes for nucleic 
acid detection and quantification.
31
 Typical intercalating dyes such as thiazole 
orange (TO), ethidium bromide (EB) and propidium iodide (PI) and these dyes 
are generally not sequence selective. For example, EB is frequently used in gel 
electrophoresis and PCR and a 20-fold fluorescence enhancement can be 
achieved upon binding with dsDNA.
32
 However, due to the carcinogenic 
nature of EB, alternative probes have been developed, such as SYBR-based 
dyes which can produce a much higher sensitivity (by more than an order of 




been conjugated to oligonucleotide to form a new probe nucleic acids to 
achieve better selectivity. 
33-34
 PI is a red fluorescent cell stain that finds wide 
applications in flow cytometry, evaluation of cell viability or DNA content 
due to its ability to penetrate cell membranes.
35
  In contrast to intercalating 
dyes, fluorescent dyes like 4',6-diamidino-2-phenylindole (DAPI) and Hoechst 
bind to target nucleic acid via binding to minor groove of dsDNA, especially 
to A-T base pairs. Both dyes are effective cell nucleus stains and it was 
reported that DAPI shows a higher selectivity and reproducibility
36
 while 
Hoechst dyes have live cell permeability
37
. 
2.2 Biosensing Based on AIE Fluorogens  
2.2.1 Phenomenon and Mechanism 
As introduced in the previous section, most organic fluorophores experience 
fluorescence quenching at high concentration or aggregated state, a 
phenomenon called aggregation-caused quenching (ACQ).
38
 Typical 
fluorophores usually consist of planar aromatic rings which tend to pack on 
top of each other. This π-π stacking may promote the formation of excimers 
and exciplexes that direct the excited state to decay via non-radiative 
pathway.
39
 The ACQ effect is generally considered detrimental for biosensing 
applications as the fluorophore can only be used in low concentration, which 
leads to rapid photobleaching and poor sensitivity.
40
 Even at low concentration, 
such fluorophores may aggregate on biomolecules in aqueous medium to 
result in quenched fluorescence.
41
 
 In 2001, a series of silole molecules were found to be nonfluorescent in 




form aggregates, which is exactly opposite to the ACQ effect and is referred to 
as aggregation-induced emission (AIE).
42-43
 Later more structures were found 
to be AIE active, including hexaphenylsilole (HPS), tetraphenylsilole (TPS), 
tetraphenylethene (TPE) and their derivatives (Scheme 2.9). Extensive studies 
have been performed to reveal their working mechanism. All the AIE 
fluorogens aforementioned possess non-planar propeller like structure 
consisting of multiple rotor like phenyl rings. As any kinetic motions will 
consume energy, in solution state, the molecular motions of phenyl rings 
convert the photonic energy to heat, rendering the molecules non-emissive. 
Different from the disk-like conventional fluorophores, AIE fluorogens cannot 
pack through π-π stacking in aggregated state, the free rotations of molecular 
rotors are locked in aggregated state which blocks their nonradiative decay. As 
a result, radiative pathways are opened up to lead to induced emission with 
efficiencies up to unity. Thus it is the restriction of intramolecular rotations 
(RIR) that dictates the AIE phenomenon.
44
 Through deliberate molecular 
design or attachment of various functional groups, AIE fluorogens can be 




Scheme 2.9 Typical molecular structures of AIE fluorogens. 
The discovery of a fluorogens with AIE characteristics has provided a 




taken advantage of instead of being avoided through wearisome modification 
of conventional fluorophores. Their unique photophysical properties and 
availability for functionalization have enabled the development of chemo- and 
biosensors for a wide range of molecular species. The highly emissive 
aggregated AIE fluorogen resembles organic “quantum dots” which may 
qualify as efficient imaging contrast agent, but has much better 
biocompatability than conventional quantum dots. The following sections will 
provide a review of TPS and TPE-based AIE fluorogens as bioprobes in 
bioassay and bioimaing applications. 
2.2.2 AIE Fluorogens for Biosensing 
2.2.2.1 Biosensing Based on Electrostatic/Hydrophobic Interaction 
It is possible to apply AIE fluorogens for biomolecule detection through 
incorporation of functional groups into AIE core structures. Initial efforts have 
mainly functionalized AIE fluorogens with small charged groups that can 
interact with biomolecules via electrostatic or hydrophobic interaction, 
through which the aggregation states are influenced to result in distinct 





Scheme 2.10 Molecular structures of AIE fluorogens 1–7.  
 In 2006, a group of TPE derivative were synthesized by Tang’s group 
for investigation of their AIE properties and application as bioprobes.
46
 As 
shown in Figure 2.1, the fluorogen (1a) is nonfluorescent in acetonitrile 
(ACN), a good solvent, and the emission is progressively intensified as 
increasing fraction of water is added to the mixture. The quaternized salts of 
the fluorogens which contain two positively charged ammonium groups were 
tested for biomolecule detection. It was shown that addition of calf thymus (ct) 
DNA and bovine serum albumin (BSA) into 1b can turn-on the initially non-
emissive fluorogen in aqueous phosphate buffer. This induced emission is 
attributed to the complexation between the fluorogen and DNA or protein via 
electrostatic and hydrophobic interactions that activates the AIE process. This 
light-up response can be utilized for DNA and BSA quantification. A silole 
derivative (2) was also developed by attaching two amino groups to the HPS 








Figure 2.1 (A) Absorption and emission spectra of 10 mM 1a in ACN and 
ACN/water mixture (v/v = 1 : 99). Inset shows the corresponding photographs 
of solutions of 1 under UV lamp illumination. (B) Emission spectra of 2.5 mM 






) in phosphate buffer (pH 7.0). Reproduced from ref. 46 with permission. 
Copyright Royal Society of Chemistry 2006. 
Another AIE fluorogen consisting of a TPE functionalized with two 
sulfonate groups (3) was synthesized for BSA detection and quantification.
48
 It 
was revealed that 3 can enter the hydrophobic pockets of natural folded 
structure of BSA. The entrapment of 3 significantly restricts the free rotation 
of σ-bands within TPE unit and induces it to emit strongly. The turn-on ratio 
of 3 at [BSA] = 500 mg/L was found to be ~240-fold higher than that without 
BSA and the detection limit is 50 ppb. This folding sensitive response also 
enables the monitoring of BSA structure conversion in the presence of 
surfactant such as sodium dodecyl sulfate which can effectively unfold BSA to 
lead to decreased fluorescence. Based on a similar working mechanism, 3 was 
also reported for quantification and conformation monitoring of human bovine 
serum.
49
 TPE 3 was later reported for monitoring and inhibition of insulin 
fibrillation.
50
 3 is nonfluorescent when mixed with natural form of insulin and 
is induced to emit strongly in the presence of preformed insulin fibril. The 
fluorescence turn-on is attributed to the hydrophobic interaction between the 
phenyl rings of TPE and the exposed hydrophobic residues of the partially 
folded insulin. As the binding of 3 and preformed insulin fibril can effectively 
stabilize the partially folded insulin, 3 can act as an inhibitor for protein 
fibrillogenesis process. Zhang’s group also reported the quantification of 
casein taking advantage of the fluorescence turn on of 3 upon interaction with 
the hydrophobic cavities of casein micelles.
51
 
 Later another TPE derivative (4) with four positive charged amine 






stranded DNA (ssDNA) rich in guanine is known to form a secondary 
structure G-quadruplex stabilized by monovalent cations such as K
+
. Detection 
of G-quadruplex formation have medical implications in regulation of gene 
expression and drug design.
53
 As expected, the blue fluorescence of 4 is turned 
on when it binds with ssDNA through electrostatic interaction. The addition of 
K
+
 induces quadruplex formation and results in a spectra shift from 470 to 492 
nm. Upon hybridization of DNA, the quadruplex is unfolded to adopt a duplex 
structure and the fluorogen is reverted to solution state with diminished 
emission. The spectral shift and intensity change of fluorescence can thus be 
used to monitor the folding and unfolding of DNA quadruplex. Following this 
study, the groups further synthesized a series of TPE derivatives with different 
side arms or numbers of side arms for interaction with DNA with different 
sequences.
54
 Docking simulation reveals that the TPE fluorogens tend to bind 
to the grooves of DNA quadruplex through electrostatic interaction, indicating 
the specificity is largely determined by structural matching between the probe 
and DNA. 
 A silole derivative with a positively charged ammonium group (5) was 
also shown to have light-up response for ssDNA.
55
 As ssDNA with different 
lengths can induce aggregation of 5 to different extents, the longer ssDNA can 
induce much higher fluorescence light-up than the shorter ones, which enables 
the monitoring of DNA cleavage by nuclease. It was found that the ssDNA/5 
complex exhibits strong emission and upon addition of nuclease, the 
fluorescence drops remarkably, indicating cleavage of longer DNA into 
smaller pieces that weakens DNA/5 binding. By monitoring the changes in 




was also demonstrated to be useful for screening of nuclease inhibitors such as 
pyrophosphate. A similar strategy was employed for adenosine 5'-triphosphate 
(ATP) detection and phosphatase activity monitoring.
56
 The hydrolyzed 
products of ATP adenosine 5'-diphosphate (ADP) and adenosine 5'-
monophosphate (AMP) are not positive enough to induce sufficient 
aggregation of 5, thus show weakened fluorescence. Based on a similar 
strategy, silole 5 was also used for detection of monoamine oxidase B which 
can convert its neutral substrate to a negative charged product.
57
 In case of 
generation of a neutral product, another chemical species can be used to 
convert the product into a charged species, which can interact with the 
oppositely charged AIE fluorogen. This is illustrated by Zhang’s group for 
detection of l-lactic acid using silole 5.
58
  
Heparin is a highly sulfated glycosaminoglycan with high negative 
charge density that is regularly used as an anticoagulant. The efficient 
electrostatic attraction between silole 4 and heparin enables the detection and 
quantification of heparin.
59
 Silole 5 was subsequently used for study of the 
interaction between heparin and protamine, a protein used to neutralize the 
over-dose effect of heparin. Introduction of protamine into the heparin/5 
mixture can effectively reduce the fluorescence intensity due to 
heparin/protamine binding and subsequent AIE fluorogen dissociation to its 
solution state. Later in 2012, Zhang and coworkers reported a new fluorescent 
ratiometric detection of heparin by combining both ACQ and AIE effects 
(Scheme 2.11).
60
 A solution of a positivity charged anthracene chromophore 
emits blue color with emission maximum (λmax) of 421 nm. In the presence of 




both fluorophores are induced to aggregate. Due to the ACQ effect of 
anthracene chromophore and AIE effect of 8, the blue emission is quenched 
while green emission is observed from 8. This assay is able to distinguish 
heparin from its analogues by simply observing the emission color change 
using the naked eye. 
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Scheme 2.11 Schematic illustration of ratiometric probe for heparin detection 
based on an AIE fluorogen (8) and an anthracene chromophore. Reproduced 
from ref. 60 with permission. Copyright Royal Society of Chemistry 2011. 
 In 2009, TPE 3 was reported for continuous assay for 
acetylcholinesterase (AChE), an enzyme for regulation of neuro-response 
system.
61
 As shown in Scheme 2.12, the fluorogen 3 is initially nonfluorescent 
in aqueous solution and is induced to emit strongly upon addition of an 
amphiphilic compound myristoylcholine due to their electrostatic interaction. 
In the presence of AChE, myristoylcholine is hydrolyzed to choline and a 
negatively charged species myristic acid which causes dissociation of 3 due to 
charge repulsion between 3 and the hydrolyzed product. This fluorescence 
turn-off assay was then used for study of AChE activity and inhibitor 




and tends to produce false-positive results, a fluorescence turn-on probe for 
AChE was later developed based on 3.
62
 In this assay, acetylthiocholine iodide 
(ATC) is used as the substrate of AChE. The hydrolyzed product of ATC, 
thiocholine, can react with a third molecule to form an amphiphilic compound 
which facilitate the aggregation of 3 to produce significantly induced emission. 
This assay can also be utilized for inhibitor screening. 
3
 
Scheme 2.12 Schematic illustration of turn-off assay for AChE based on 
disassembly of AIE fluorogen (3). Reproduced from ref. 61 with permission. 
Copyright American Chemical Society 2009. 
 Later in 2010, a label-free sensor for continuous trypsin and inhibitor 
screening based on an anionic TPE derivative (6) was developed.
63
 A peptide 
sequence with six units of arginine is used as the substrate for trypsin. The 
fluorescence of 6 is turned on in the presence of the positively charged peptide 
and then quenched upon addition of lysozyme which hydrolyzes the peptide 
into small pieces to cause dissociation of the peptide/6 complex. As inhibitor 
can obstruct the peptide hydrolysis and complex dissociation, this probe is also 
useful for inhibitor screening. A similar turn-off assay for trypsin was reported 
based on a TPE derivative (7) based on the electrostatic complex between the 






2.2.2.2 Biosensing Based on Specific Interaction 
The examples covered above are mainly based on direct or indirect interaction 
of AIE fluorogen and target of interest relying on their electrostatic or 
hydrophobic interaction. Such strategies have great limitation in specificity as 
they are only capable of discriminating species from those with very distinct 
properties. For real assay applications where large varieties of interfering 
substances are present, probes with much better selectivity are required. One 
common strategy to endow AIE fluorogens with targeting ability is to 
functionalize the AIE with functional groups that are reactive to a specific 
group of chemical species or a ligand that is specific to a single target. As AIE 
fluorogens can be synthesized with various functional groups, such as azido, 
alkyne, formyl and maleimide groups, it is possible to conjugate bioaffinity 
ligands through simple coupling chemistry. 
In 2010, Tang’s group reported a specific detection of D-glucose using 
an AIE probe (9) consisting of a TPE functionalized with two boronic acid 
groups.
64
 The probe is immiscible with water and becomes non-emissive at 
high pH (≥9.74) where it is ionized by alkaline medium. It is proposed that the 
boronic acid groups can react with the cis-diol units of glucose to form 
oligomeric adducts that significantly obstruct the rotation of TPE to activate 
the AIE mechanism. As a result, the emission of 9 is greatly boosted upon 
addition of D-glucose while little change is observed in the presence of other 









pH [Saccharide] (M)  
Figure 2.2 (A) Change in the fluorescence intensity of 9 with pH values at 
440 nm (I0 is the intensity at pH 12.01). Inset shows the fluorescence images 
of 9 in the aqueous buffers at pH 8.6 and 9.7 upon UV lamp excitation. (λex = 
365 nm). (B) Fluorescence intensity changes of 9 (50 μM) at 485 nm in the 
presence of different saccharide at various concentrations in carbonate buffer 
(2 vol % DMSO, pH 10.5). (I0 is the intensity in the absence of a saccharide). 
Inset shows the corresponding fluorescence images of 9 in the presence of 5 
mM saccharide. Reproduced from ref. 64 with permission. Copyright 
American Chemical Society 2011. 
The application of TPE 9 was further expanded for detection of β-
cyclodextrin.
65
 Cyclodextrins are cyclic oligosaccharides that possess six (σ), 
seven (β), eight (γ) or more units of glucopyranoside, which has been applied 
as host molecules for study of host-guest interactions in biochemical and 
pharmaceutical sciences. β-Cyclodextrin consists of hydrophobic cavities with 
multiple hydroxyl groups on the rims. It is shown that 9 exhibits specific light-
up response towards β-cyclodextrin as compared to its σ- and γ- counterparts 
and the turn-on is especially remarkable above a certain concentration of the 
target. Various models of possible interactions are proposed and the 
mechanism was attributed to the cooperative binding between 9 and two pairs 
of alternative diols of β-cyclodextrin to form a rigid assembly with intensified 




The specific click reaction between maleimide and thiol enables the 
development of AIE probes for specific detection of thiol-containing 
biomolecules.
66
 A light-up probe has been constructed by functionalizing 
maleimide group onto a TPE fluorogen. It is hypothesized that the 
fluorescence of 10 is quenched by the exciton annihilation process due to n-π 
conjugation of the C=O and C=C bonds and can be restored upon electrophilic 
reaction with thiol group that breaks the n-π conjugation. Such a mechanism 
enables the specific detection of free thiol-bearing amino acid (L-lysine) and 
lysine containing proteins. Glutathione (GSH), a thiol-rich protein that is 
abundant in living cells, is an important indicator of various pathological 
conditions. The probe 10 is subsequently used for mapping of GSH level in 
living cells. Hela cells incubated with 10 shows bright emission in cytoplasmic 
region, indicating the cell permeability, thiol-targeting ability and 




Scheme 2.13 Thiol-specific AIE probe (10) based on thiol-ene click 
mechanism from ref. 66. 
The above examples of AIE probes are only selective to a group of 
biomolecules that possess certain functional groups. The specificity can be 




peptide onto the AIE fluorogen. In 2012, Liu’s group reported the new 
generation probe using a TPS fluorogen coupled with cyclic arginine-glycine-
aspartic acid tripeptide (cRGD) for specific detection of integrin (Scheme 
2.14).
67
 Integrin is a trans-membrane receptor protein that mediates the cell 
adhesion and cell signal transduction. The probe (11) is synthesized via the 
copper catalyzed click chemistry between one azide-functionalized TPS and 
two alkyne-bearing cRGD units. The probe is initially non-fluorescent due to 
the good water solubility endowed by the cRGD units. In the presence of 
integrin, specific binding occurs between the integrin and cRGD, which locks 
the intramolecular rotation of the probe, leading to significantly increased 
emission. The probe is demonstrated to be highly selective to integrin among a 
group of other proteins. The specific light-up response enables the application 
of the probe for integrin tracking in live cells. Real time fluorescence images 
of MCF-7 cells show that intense fluorescence signal is localized at the cell 
membranes where integrins reside and gradually internalized into cell interior. 
In addition, the probe exhibits low cytotoxicity and good stability in the cell, 
indicating its potential as a promising bioprobe for study of integrin 







Scheme 2.14 Schematic illustration of specific detection of integrin using AIE 
probe (11). Reproduced from ref. 67 with permission. Copyright American 
Chemical Society 2012. 
In addition to bioprobes based on direct binding-induced emission, it is 
also possible to construct light-up probe through manipulating the 
hydrophobicity of the probe upon reaction with the target. Liu’s group 
demonstrated the detection of caspase using an AIE probe (12) for monitoring 
of apoptosis.
68
 Apoptosis is a programmed cell death process that is crucial to 
normal functionalities of a variety of biological activities and caspase is 
identified to be a biomarker for apoptosis activation. The probe consists of a 
TPE unit conjugated with a caspase-specific peptide sequence Asp-Glu-Val-
Asp-Lys (DEVDK) synthesized from click chemistry (Scheme 2.15). The 
hydrophilic moiety DEVDK renders the probe highly water soluble and 




is cleaved after asp, yielding a hydrophobic product of TPE unit linked to a lys 
residue which emits strongly in the same media due to the formation of 
aggregates. This probe is further applied for real-time monitoring of apoptosis 
both in solutions and in live cells. The probe shows excellent signal-to-
background ratio and good viability, and is useful for screening of enzyme 
inhibitor as well as evaluation of drug efficacy.  
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Scheme 2.15 Schematic illustration of light-up probe (12) for detection of 
caspase-3/7 for monitoring of cell apoptosis. Reproduced from ref. 68 with 
permission. Copyright American Chemical Society 2012. 
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CHAPTER 3  FLUORESCENT LIGHT-UP PROBE 
WITH AGGREGATION-INDUCED EMISSION 
CHARACTERISTICS FOR ALKALINE 
PHOSPHATASE SENSING AND ACTIVITY STUDY 
3.1 Introduction 
Alkaline phosphatase (ALP), a class of enzyme found in various sources of 
mammals (bone, liver, placental and intestinal), has long been identified as an 
important biomarker for clinical diagnostics.
1
 Excessive level of ALP in the 
blood serum is often correlated with bone, liver dysfunction, heart failure, 
ovarian and breast cancer, leukemia and so on.
2-4
 On the basis of its ability to 
remove phosphate groups from a wide variety of chemicals, a number of 
strategies have been established for ALP detection.
5-10
  Among them, 
fluorescence detection has become extremely popular due to its rapid, 
sensitive signal transduction. A few fluorometric assays have been reported 




 and organic 
fluorophores
15
 for the detection of ALP activities. However, they all require an 
additional quencher moiety or multiple steps to enable fluorescence signalling. 
Fluorogenic substrates have also been developed for ALP activity study with 
direct fluorescence turn-on signals upon cleavage by ALP;
7,16
 however, these 
probes generally show high fluorescence background. ALP assays combining 
simplicity, high sensitivity and selectivity remain attractive.    
 Fluorogens with aggregation-induced emission (AIE) characteristics 
have recently emerged as a novel class of materials for biosensing and 
imaging applications.
17











However, the majority of the assays adopt fluorescence turn-off scheme and 
mainly rely on electrostatic or hydrophobic interactions between AIE 
fluorogens and the substrate, which lacks specificity and can be easily 
disturbed by external stimuli. Although fluorescence turn-on enzyme assays 
have also been reported, they generally require multiple steps or chemical 
reactions to achieve fluorescence light-up.
22-23
  
 Herein, we report one-step light-up assay for ALP relying on 
dephosphorylation of the phosphate-bearing tetraphenylethylene (TPE-phos) 
by ALP to produce a highly fluorescent residue. This molecular probe is 
hypothesized to have a few advantages. First, the probe possesses a simple 
structure with easy synthetic steps and modification; second, the probe has 
negligible fluorescence signal in aqueous medium so that a high signal-to-
background ratio can be achieved; third, the cleaved product is insoluble in the 
reaction medium which favors the reaction equilibrium. Taking advantage of 
the enhanced fluorescence, a specific light-up probe for ALP sensing and 
enzyme activity studies is constructed. In addition, the assay works well in 
serum, which further expands its potential application in clinical applications. 
The kinetic behaviour of ALP is also studied using TPE-phos as the substrate 
and kinetic parameters are determined.  
3.2 Experimental 
3.2.1 Chemicals and Instruments 
Materials. Phosphatase alkaline (ALP) from bovine intestinal mucosa, bovine 




methylumbelliferyl phosphate (4-MUP) were purchased from Sigma. 
Tetrahydrofuran (THF) was distilled from sodium benzophenoneketyl 
immediately prior to use. Dichloromethane (DCM) and chloroform were 
distilled over calcium hydride. Inhibitor ethylenediaminetetraacetic acid 
disodium salt (EDTA) was purchased from AnalaR. Tris buffer (1 M, pH 8.0) 
was purchased from 1
st
 Base. Fetal bovine serum (FBS) was purchased from 
Thermo Scientific. Triethylamine was purchased from Sigma-Aldrich and was 
distilled before use. Dimethyl sulfoxide (DMSO), and iodotrimethylsilane 
(TMS-I), 4-hydroxylbenzophenone, zinc dust, diethyl chlorophosphate, and 
trimethylsilyl iodide were all purchased from Sigma and used as received 
without further purification.  
Characterization. The UV-vis absorption spectra were obtained using UV-vis 
spectrometer (Shimadzu, UV-1700, Japan). PL measurements were carried out 
on a Perkin-Elmer LS-55 equipped with a xenon lamp excitation source and a 
Hamamatsu (Japan) 928 PMT, using 90° angle detection for solution samples. 
The zeta potential measurements were done using a zeta potential analyzer 
(ZetaPlus, Brookhaven Instruments Corporation) at room temperature. The 
average particle size and size distribution of TPE-phos and TPE-2OH were 
determined by laser light scattering (LLS) with particle size analyzer (90 Plus, 
Brookhaven Instruments Co. USA) at a fixed angle of 90° at room temperature. 
The cells were imaged by fluorescence microscope (Nikon A1 Confocal 
microscope). The time-dependence fluorescence scans of TPE-phos were 




C NMR spectra were 
measured on a Bruker ARX 600 NMR spectrometer. Chemical shifts were 




(CDCl3 = 7.26 ppm, (CD3)2SO = 2.50 ppm or tetramethylsilane Si(CH3)4 = 0 
ppm). The synthesized TPE-phos probe was purified by preparative high 
pressure liquid chromatography (HPLC) (Agilent 1100 series). The analytical 
LC profiles and molecular mass were acquired using liquid chromatography-
ion trap-time-of-flight mass spectrometry (LCMS-IT-TOF) (Shimadzu). 0.1% 
TFA/H2O and 0.1% TFA/acetonitrile were used as eluents for all HPLC 
experiments. The flow rate was 0.6 mL/min for analytical HPLC and 2 
mL/min for preparative HPLC.  
3.2.2 Synthesis of TPE-phos Probe 
Synthesis of compound 2 (TPE-2OH): Into a 100 mL round bottom flask 
with condenser, a mixture of 4-hydroxylbenzophenone (0.4955g, 2.5 mmol) 
and zinc dust (0.4053g, 6.2 mmol) in freshly distilled THF (60 mL) was 
cooled to -78 
o
C under N2. TiCl4 (6.2 mL, 6.2 mmol) was added dropwise to 
the cold mixture. The suspension was warmed to room temperature and then 
refluxed overnight. After warming to room temperature, the excess zinc 
residue was removed by flash chromatography using THF as solvent and the 
filtrate was concentrated under reduced pressure. The crude product was 
purified by column chromatography using petroleum ether/chloroform (1:3) to 
obtain compound 3, which have been used in next step immediately because 
of instability of the compound. Yield: 64%.
1
H NMR (400 MHz, CDCl3), δ 
(TMS, ppm): 7.118–7.062 (m, 6H), 7.048–6.994 (m, 4H), 6.908–6.856 (m, 
4H), 6.592–6.538 (m, 4H).  
Synthesis of compound 3 : A mixture of 2 (0.3451 g, 1.0 mmol), freshly 
distilled triethylamine (0.70 mL, 5.0 mmol) and chlorophosphoric acid diethyl 




temperature under N2 overnight. The reaction mixture was then concentrated 
under reduced pressure. The residue was purified on silica gel with petroleum 
ether/ethyl acetate (1:1) to afford compound 3. Yield: 68%.
1
H NMR (400 
MHz, CDCl3), δ (TMS, ppm): 7.115–7.083 (m, 6H), 7.009–6.929 (m, 12H), 
4.208–4.097 (m, 8H), 1.363–1.291 (m, 12H).  
Synthesis of compound 4 (TPE-phos): 100 mg of 3 is dissolved in DCM (5 
mL) in the round bottom flask. 110 µL of TMS-I was added slowly into 3 
using syringe while stirring. The reaction mixture was tightly sealed and 
allowed to react for ~3 h at room temperature. The solvent was partially 
removed using rotary evaporator and the concentrated crude product was 
purified using preparative HPLC. Yield: 36%.
1
H NMR (600 MHz, DMSO-d6), 
δ (TMS, ppm): 7.17–7.10 (m, 6H), 6.99–6.98 (m, 4H), 6.90 (s, 8H), 6.48 (br s, 
4H).
 13
C NMR (150 MHz, DMSO-d6), δ (TMS, ppm): 149.92, 149.88, 143.2, 
139.7, 138.7, 131.7, 130.6, 127.9, 126.6, 119.22, 119.19.  
3.2.3 Alkaline Phosphatase (ALP) Assay Using TPE-phos 
General Procedures for Enzymatic Assay 0.5 μL of TPE-phos stock solution 
(1 mM in DMSO) was diluted with Tris buffer (10 mM, pH 8.0) to make 10 
μM working solution. 0.4 μL of ALP stock solution (2.5 μM in Tris buffer, 10 
mM, pH 8.0, 2 mM MgCl2, 0.2 mM ZnCl2) was added to the working solution. 
The mixture was incubated for 20 min at room temperature (23 ºC). The 
solution was measured for fluorescence intensity using microplate reader. The 
emission intensity was recorded at 450 nm upon excitation of 312 nm. For 
fluorescence change versus incubation time, the fluorescence was scanned in 




with Milli-Q water. The emission was recorded from 360 nm to 580 nm at 
excitation of 312 nm. 
3.3 Results and Discussion 
3.3.1 Design Principles 
As illustrated in Scheme 3.1. The probe molecule consists of a TPE terminally 
functionalized with two phosphate groups. The phosphate groups not only 
serve as specific substrate for ALP, but also convert the probe into a highly 
water soluble species to render it almost non-fluorescent in water. In the 
presence of the ALP, the phosphate groups are recognized and cleaved to yield 
insoluble TPE residue with two hydroxyl groups (TPE-2OH). The formation 
of TPE-2OH nanoaggregates in water is highly emissive due to activation of 




“OFF” “ON”  
Scheme 3.1 Illustration of design principle of ALP assay. Reproduced from 
the original work of the author with permission.
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3.3.2 Synthesis and Characterization of TPE-phos 
The TPE-phos probe was synthesized in three steps as shown in the synthetic 




and further characterized by NMR to confirm its molecular structure and 




C NMR spectra of TPE-phos, 
respectively. The molecular weight was characterized by LCMS-IT-TOF. As 
shown in Figure 3.2, a single peak is obtained at ~9.5 min with a mass of 
523.131. which matches well with that of the single deprotonated form of 
TPE-phos (523.387). The absorption and emission properties of both TPE-
2OH and TPE-phos are examined in DMSO/water (v/v = 1:99). Figure 3.3 
shows the UV-vis absorption and PL spectra of both chemicals at absorption 
maxima at 312 nm and 307 nm, respectively, with a similar absorbance. As 
expected, TPE-phos is virtually non-fluorescent in DMSO/water mixture, with 
a quantum yield (φ) of 0.05% using quinine sulfate as reference; while TPE-
2OH emits strong fluorescence in the same medium, giving a bright greenish 
blue color with an emission maximum at ~ 480 nm (φ = 4.92%). The 
enhanced emission is associated with the formation of TPE-2OH aggregates, 
which is supported by laser light scattering (LLS) measurements. The 
effective diameter of TPE-2OH in the media is 106 ± 1 nm (Figure 3.4), while 
no LLS signal was collected for TPE-phos, suggesting of its well solubilized 
state. 
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Figure 3.3 UV-vis absorption (dashed line) and PL (solid line) spectra of 10 
μM TPE-2OH (blue) and TPE-phos (red) in DMSO/water (1:99 v/v). λex = 312 
nm. The inset shows the photographs of TPE-2OH (a) and TPE-phos (b) under 
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Figure 3.4 Hydrodynamic diameters of TPE-2OH in DMSO/H2O (v/v = 1:99) 
measured by LLS. 
3.3.3 Probe and ALP Interaction 
Based on the distinct emission properties of TPE-2OH and TPE-phos, it is 
possible to construct an assay for ALP by monitoring the fluorescence changes 
after addition of ALP to the probe. Figure 3.5 shows the PL intensity profiles 
of the probe TPE-phos (10 μM) incubated for 20 min in the absence and 
presence of ALP (20 nM) in Tris reaction buffer (10 mM, pH 8.0). The 
fluorescence intensity of the probe incubated with ALP significantly increases 
as compared to that without ALP, with a 105-fold enhancement at the 
emission maximum. As activity of ALP from bovine intestinal mucosa 




), metal chelator such 
as ethylenediaminetetraacetic acid (EDTA) can effectively inhibit ALP 
activity by depleting metal ions in the reaction buffer.
26
 To confirm the 
specific interaction between the probe and ALP, EDTA (0.5 mM) was 
incubated with ALP for 20 min before incubation with the probe. It is 




the bare probe, indicating that the activity of ALP is almost completely 
inhibited. Since both the probe (zeta potential = -10.4 mV) and the enzyme 
(pKa ~ pH 5.4) are negatively charged at pH 8.0, the electrostatic interaction 
between the two should be minimum. Hence the mechanism of the 
fluorescence turn-on response is mainly attributed to the specific interaction 
between the probe and ALP that leads to the cleavage of the weakly 
fluorescent TPE-phos into its highly fluorescent counterpart TPE-2OH. 
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Figure 3.5 PL spectra of 10 μM TPE-phos alone, and that incubated with ALP 
(20 nM) in the absence and presence of inhibitor (EDTA) (0.5 mM) in Tris 
buffer (10 mM, pH 8.0). λex = 312 nm; λem = 450 nm.  
 The emission of AIE fluorogen can be revitalized upon restriction of 
molecular rotations, which is possible through both self-aggregation and 
binding with other molecular species, such as the hydrophobic pockets of 
proteins. LLS measurements results found that strong signals were collected 
for TPE-phos only after incubation with ALP and the particle size is ~184.4 
±12 nm after 15 min incubation. The emission properties of the hydrolyzed 




fractions (0–99%) of Tris buffer were also examined (Figure 3.6). It is 
observed that with increasing fraction of Tris buffer, the emission intensity of 
TPE-2OH stays relatively unchanged until the point of 90% Tris, and 
dramatically increased to maximum at 99% Tris. These results reveal the 
existence of aggregates upon hydrolysis of the probe, which contributes to the 
light-up mechanism. 
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Figure 3.6 (A) PL spectra of TPE-2OH in different % Tris buffer fractions in 
DMSO. (B) Plot of I/I0 -1 of TPE-2OH in different % Tris buffer fraction in 
DMSO at 476 nm. Inset: image of TPE-2OH in 0% and 99% Tris buffer 
fraction in DMSO taken under UV lamp at 365 nm illumination. ([TPE-2OH] 
= 10 µM; λex = 312 nm.) 
3.3.4 Selectivity of TPE-phos Probe 
The selectivity of the probe was then evaluated by comparing its fluorescence 
response in the presence of different proteins. TPE-phos (10 μM) solution is 
incubated with ALP and a group of proteins, including bovine serum albumin 
(BSA), trypsin (try), papain (pap), pepsin (pep) and lysozyme (lys) at the same 
molar concentration of 20 nM. It is found from Figure 3.7 that ALP can induce 
over 100-times brighter fluorescence than other proteins which can be easily 




elucidates the existence of specific interaction between TPE-phos and ALP, 
but also signifies that the probe can be used for discrimination of ALP among 
interference substances. 
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Figure 3.7 Bar graph of (I-I0)/I0 of TPE-phos incubated with different proteins 
in Tris buffer (10 nM, pH 8.0), where I0 and I are the PL intensities of 10 μM 
TPE-phos alone and that incubated with 20 nM proteins, respectively. λex = 
312 nm; λem = 450 nm. The inset shows the photographs of TPE-phos before 
(a) and after incubation with concentration of 10 μM. TPE-2OH and TPE-phos 
have the ALP (b) and BSA (c) in Tris buffer, respectively, taking under UV 
lamp illumination.  
3.3.5 Quantification of ALP in Buffer and FBS Medium 
To demonstrate the quantification of ALP using TPE-phos, the fluorescence 
intensity of the probe incubated with ALP at different concentrations is 
monitored. TPE-phos (10 μM) and ALP with concentration of 0–60 nM are 
incubated for 20 min and their fluorescence intensity at emission maxima was 
recorded by microplate reader. As seen from Figure 3.8A, fluorescence 
intensity increases as the concentration of ALP increases, which is an 
indication of higher extent of enzymatic reaction and the production of more 




Based on the 3 time standard deviation (3σ) method, the limit of detection was 
evaluated to be 11.4 pM or 0.2 U L
-1
, which is much lower than or comparable 
with that obtained by previous reports.
11,14,27-28


































































































































Figure 3.8 Plots of fluorescence intensity of 10 μM TPE-phos in Tris buffer 
(10 nM, pH 8.0) (A) or 2% FBS (B) incubated with ALP at different 
concentrations for 20 min at room temperature. The insets show the linear 
fitting of the curve at ALP concentrations in ranges of 0–30 nM (A) 0–10 nM 




 To test the ability of the probe for detection in biological samples, the 
assay was performed in 2% fetal bovine serum (FBS). Figure 3.8B shows the 
fluorescence response of the probe after incubation with ALP at different 
concentrations in 2% FBS. The fluorescence progressively lights up as the 
concentration of ALP increases and it saturates at a lower concentration than 
that performed in the buffer due to the presence of interfering substances in 
the serum. Nonetheless, a linear response range up to 10 nM or 175 UL
-1
 is 
obtained which covers the normal level of serum ALP of 30–135 UL-1.17 
These results indicate that the probe can be used for quantification of ALP in 
complex media, which is potentially useful for diagnosis of ALP related 
diseases. 
3.3.6 Kinetic Study of ALP using TPE-phos as Substrate 
We further applied the probe for study of ALP activity. To calibrate the 
fluorescence intensities of completely digested substrate TPE-phos as a 
function of substrate concentration, the fluorescence intensity of TPE-phos at 
different concentrations (2.5–10 μM) was recorded after incubating with 
excess enzyme for complete hydrolysis (Figure 3.9A). Subsequently, the 
fluorescence intensity of TPE-phos at different concentrations (2.5–50 μM) 
incubated with 20 nM ALP are monitored as a function of time. As shown in 
Figure 3.9B, the fluorescence intensities of the substrate increases with time, 
indicating that the progressive enzymatic reaction takes place. The 
fluorescence changes rapidly in the early stage and gradually levels off at 
around 5 min, which suggests that the enzyme cleaves efficiently. The 
digestion of the probe was also confirmed by LCMS-IT-TOF. As shown from 




min disappeared and a new peak appeared at ~13.1 min, which mass matches 
well with that of the product TPE-2OH. These results indicate that TPE-phos 













































    5 
 7.5 
  10 
  20
  30 




































































Figure 3.9 (A) Plot of fluorescence intensity TPE-phos versus TPE-phos 
concentrations (0–10 μM) after incubation with excess ALP (20 nM) in Tris 
buffer (10 nM, pH 8.0) for 20 min at room temperature. (B) Time-dependent 
fluorescence intensity of TPE-phos at different concentrations (2.5–50 μM) 
incubated with 20 nM ALP at room temperature in Tris buffer (10 nM, pH 
8.0). (C) Plot of initial velocity (V0) against TPE-phos concentration. The inset 
shows the Lineweaver-Burk plot for the reaction between TPE-phos and ALP. 
λex = 312 nm; λem = 450 nm.  















Figure 3.10 LC-MS spectra of 10 μM TPE-phos after incubation with 20 nM 




 The kinetics of the enzymatic hydrolysis reaction is represented by the 
Michaelis-Menten relations V0 = Vmax[S] / (KM + [S]),
29
 where V0 is the initial 
rate or velocity, [S] is the concentration of substrate and KM is the product of 
kcat and enzyme concentration [E]0. The Michaelis constant KM is the substrate 
concentration at which the reaction rate reaches half the maximum and its 
inverse is the measure of the affinity of the substrate toward the enzyme. The 
turn-over number kcat is defined as the maximum amount of substrate 
hydrolyzed per unit enzyme per unit time. In this study, V0 is expressed as the 
change of fluorescence intensity per unit time at early stage and is plotted 
against substrate concentration [S] in Figure 3.9C. To determine the kinetic 
parameters, the curve is converted to a linear line using Lineweaver-Burk 
analysis, 1/V0 = KM / kcat[E0][S] + 1 / kcat[E0].
29
 As shown in the inset of Fig. 
3B, the plot of 1/V0 versus 1/[S] fits a straight line. Based on the slope and 
intercept of the fitted line, the kcat and KM are determined to be 15.1 s
-1
 and 
29.3 μM, respectively. The enzymatic efficiency, as measured by kcat/KM, is 






, which is close to that of a commercial 
substrate 4-methylumbelliferyl phosphate (4-MUP) from Invitrogen measured 
under similar conditions (Figure 3.11).
30
 In addition, TPE-phos can induce a 
much higher (~3-fold) signal-to-noise ratio than that of 4-MUP due to the 
extremely low background of the AIE probe as witnessed in the insets of 
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Figure 3.11 (A) Plot of fluorescence intensity 4-MUP versus 4-MUP 
concentrations (0–10 μM) after incubation with excess ALP (20 nM)  in Tris 
buffer (10 mM, pH 8.0) for 10 min at room temperature. The inset shows the 
photographs of 4-MUP (10 μM) before (a) and after (b) incubation with ALP 
(20 nM) under UV lamp excitation. (B) Time-dependent fluorescence intensity 
of 4-MUP at different concentrations (2.5–50 μM) incubated with 1 nM ALP 
at room temperature in Tris buffer. (C) Plot of initial velocity (V0) against 
TPE-phos concentration. The inset shows the Lineweaver-Burk plot for the 
reaction between TPE-phos and ALP.  λex = 350 nm; λem = 448 nm. 
3.4 Conclusion 
In conclusion, a TPE-based light-up probe for detection of ALP and 
monitoring ALP activity has been developed. The exceptional selectivity and 
water solubility endowed by phosphate groups are essential for optimal assay 
performance. The TPE-phos probe is able to detect ALP in pM range with a 
linear response range in solution and serum, which opens up the potential 
opportunity for ALP quantification in clinical practice. The strategy presented 
in this study can easily be generalized for construction of molecular probes for 
other enzymes through conjugation of target specific ligands to AIE 
luminogens. 
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CHAPTER 4  VISUAL SENSING OF LYSOZYME 




Lysozyme is often labeled as a natural antibody, and plays an important role in 
our innate immune system.
1
 It functions as an enzyme which catalyzes the 
hydrolysis of glycosidic bonds and hence, it is able to break down the 
polysaccharide walls of bacteria. The level of lysozyme in body fluids serves 
as a clinical index for many diseases such as rheumatoid arthritis,
2
 acute 




 Therefore, qualitative 
and quantitative determination of lysozyme levels in bodily fluids would be 
useful in clinical diagnostics. Traditional methods such as lysorocket 
electrophoresis,
5
 western blot immunoassay
6
 and lysoplate assay
7
 have been 
used but limitations such as low sensitivity and selectivity have hampered 
their effectiveness. More recent advances have shown high sensitivity and 







 and magnetic nanoparticles,
11
 taking advantage of the specific 
binding between lysozyme and a lysozyme binding aptamer. However, few 
possess the characteristics of visual detection, simplicity, low cost, and 
portability.  
The development of paper-based bioassays as a simpler and cheaper 
alternative to conventional diagnostic methods has become attractive due to its 
low cost, portability and disposability. 
12




require the associated recognition elements to be immobilized on the surface 
of the paper. Upon incubation with the analyte solution, the recognition event 
can be transduced into detectable colorimetric or fluorescent signal. The 
majority of the colorimetric paper-based assays involve assembly, 
enlargement or migration of gold or silver nanoparticle reporters to produce 
change in color or color intensity.
13-16
 However, these processes usually entail 
uncontrolled nanoparticle growth or aggregation which makes it hard to 
quantify. Fluorometric assays have also been developed based on small 
organic fluorophores, but show no advantage for direct visualizing on paper 
strips due to its high background and tendency to quench emission at high 
concentration.
17-18
 One major limitation lies in requirement of multiple 
incubation procedures with stringent washing steps. 
 As a typical AIE fluorogen, has been explored as probes for a wide 
range of targets,
19




 and metal ions.
24
 
So far, the majority of the assays reported are solution based detection; the 
potential of the AIE property can be further maximized by conducting 
detection on solid support, upon which AIE fluorogens can easily aggregate to 
produce intensive emission. Although AIE fluorogen has been explored for 
biosensing on thin-layer chromatography (TLC) plates,
25
 paper strips may 
serve as a better substitute as they can provide a more versatile reaction 
platform with improved accessibility, safety and portability. 
 In this regard, we report a proof of concept by using the probe (TPE-
phos) synthesized in Chapter 3 for paper-based bioassay of lysozyme. Paper 
strips are cheap, portable, readily available, and can be easily processed and 




are illustrated in Scheme 4.1. The bioassay employs polystyrene (PS) 
microbeads conjugated with lysozyme binding aptamers (LBAs) as the 
recognition element which are immobilized on paper strips. Upon incubation 
with analyte solution, specific binding takes place between the LBA and 
lysozyme, which also converts the negatively charged surface to be positively 
charged. The water soluble and negatively charged TPE-phos is then used as a 
fluorescent stain to signal the presence of the target protein as it can form 
highly emissive aggregates once deposited on solid support. The fluorescence 
signal on the paper strips can be easily visualized upon UV lamp illumination. 
In the absence of target analyte, TPE-phos is not able to retain on the paper 

























4.2.1 Chemicals and Instruments 
Carboxylated polystyrene (PS) microbeads (500nm) were purchased from 
Polysciences. 1-Ethyl-3 [3-dimethylaminopropyl] carbodiimide hydrochloride 
(EDC), ethanolamine, dimethyl sulfoxide (DMSO), aminated lysozyme 
binding aptamer (LBA) with sequence of 5'-amine-ATC TAC GAA TTC ATC 
AGG GCT AAA GAG TGC AGA GTT ACT TAG, human lysozyme, bovine 





was purchased from Life Technologies. Milli-Q water was 
supplied by Milli-Q Plus System (Millipore Corporation, Breford, USA). 0.1 
M Carbonate Buffer, pH 9.6; 0.1MES Buffer, pH 5.6 (MES: 2-
morpholinoethanesulfonic acid or 2-(N-morpholino) ethanesulfonic acid); 0.2 
M Borate Buffer, pH 8.5; Lysozyme Reaction Buffer (20 mM Tris-HCl, 100 
mM NaCl, 5 mM MgCl2, pH 8.5) were prepared using Milli-Q water. 
Photoluminescence (PL) spectra were measured on a Perkin-Elmer LS 55 
spectrofluorometer. Fluorescence images are taken using camera under 
portable UV lamp excitation at λex of 365 nm.  
4.2.2 Preparation of LBA-PS Conjugates 
0.25 mL of PS-COOH was mixed with 0.6 mL of carbonate buffer in a 1.5 mL 
tube. The mixture was washed by centrifuging at 8000 rpm for 8 minutes. 
After washing, the supernatant was removed and the PS beads were re-
suspended in 0.6 mL of carbonate buffer. The mixture was then washed again 
with the carbonate buffer and once more with 1 mL of MES buffer. The PS 




(100 µM) and EDC (12.5 mg in 100 µL MES buffer) were added to the 
suspension. The mixture was shaken gently overnight at room temperature 
using the end-to-end mixer (25 rpm). After mixing, the suspension was 
centrifuged at 8000 rpm for 8 minutes and the supernatant was collected for 
quantification. The PS beads were washed once with 0.6 mL of MES buffer 
and re-suspended in 0.6 mL of MES buffer. 50 µL of 0.5 M ethanolamine was 
added to the suspension and shaken at 350 rpm for 30 minutes to block the 
unconjugated surfaces of the PS Beads. Finally, the mixture was washed with 
0.6 mL of Borate buffer and Tris-HCl buffer and the PS beads were re-
suspended in 0.1 mL of Tris-HCl Buffer and stored at 4℃ for further use.  
Quantification of Free LBA in Supernatant In order to determine the ratio 
of the conjugated LBA to the total amount of LBA used, the free LBA in the 
supernatant removed after conjugation was quantified using a single-stranded 
DNA stain OliGreen. Different amounts of LBA are diluted to 1 mL using 1 
PBS to give the final concentrations of 0, 0.03, 0.05, 0.07 and 0.1 µM. The 
samples were then added with 2 µL of the OliGreen stock solution in DMSO. 
After 5 min incubation, PL spectra of the samples were measured. The 
calibration curve was constructed by plotting the PL intensity of the emission 
maximum (520 nm) against the LBA intensity. The appropriate volume (10% 
of total volume) of supernatant collected from the conjugation of PS beads 
was also incubated with OliGreen under the same conditions measured the 
fluorescence intensity. The concentration of the LBA in the working solution 
can be found with the help of the calibration curve by reading the value on x-




concentration of the supernatant can then be determined based on a ten-fold 
dilution. 
4.2.3 Paper Strip Preparation and Effect of BSA Treatment 
Paper strips with dimensions of 3 mm × 15 mm were cut from Whitman filter 
paper No. 1 and stored in clean 2 mL tubes. To treat the paper strips with BSA, 
solution was prepared and the paper strips were soaked in 1 mg/mL BSA 
solution for 2 h. The paper strips were then air dried. An aliquot (1.5 µL) of 
conjugated PS beads was dropped on both unprocessed paper strips and paper 
strips treated with BSA. After the paper strips were air-dried for ~ 2 h, they 
were incubated in 100 µL of 50 water dilution of TPE-phos (10 mM in 
DMSO) for 15 min. The paper strips were washed by gentle rocking in 1 mL 
of Milli-Q water for 45 s. The excess liquid was dried on KimWipe and the 
paper strips were analyzed under UV light. 
4.2.4 Optimization of Assay Conditions 
Optimization of TPE-phos Concentration Paper strips immobilized with 
LBA-PS were incubated in a series of TPE-phos solutions at different water 
dilutions (30, 50, 80 and 100 from 10 mM stock solution in DMSO). The 
paper strips were washed by gentle rocking in 1 mL of Milli-Q water for 45 s. 
The excess liquid was removed by KimWipe paper and the paper strips were 
analyzed under UV light. Fluorescence intensities were measured using 
ImageJ software. 
Effect of pH on Assay Performance Paper strips immobilized with LBA-PS 
conjugates were incubated with lysozyme solution (0 and 200 µg/mL) for 30 




for 45 s to remove excess lysozyme, and incubated for 15 minutes in 100 µL 
of 80 TPE-phos (0.125 mM) diluted from 10 mM DMSO stock solution 
using aqueous solutions of different pH (2, 5, 8 and 10). The paper strips were 
washed again by gentle rocking in 1 mL of Milli-Q water for 45 s. The excess 
water was dried on KimWipe and the paper strips were analyzed under UV 
light. 
4.2.5 Assay Selectivity and Sensitivity  
Study of Assay Selectivity LBA-PS immobilized paper strips were incubated 
in 100 µL of protein solutions (pepsin, BSA, papain, trypsin, lysozyme at 100 
µg/mL) for 30 minutes. The paper strips were washed in 1 mL of Milli-Q 
water for 45 s to remove excess protein, and incubated for 15 min in 100 µL of 
80 TPE-phos (0.125 mM in DMSO/H2O at v/v = 1:79). The paper strips were 
washed again in 1 mL of Milli-Q water for 45 s. The excess water was dried 
on KimWipe and the paper strips were analyzed under UV light.  
Study of Assay Sensitivity An aliquot (1.5 μL) of conjugated PS beads was 
dropped onto the paper strips and the strips were air-dried for 2 hours. The 
paper strips were incubated in 100 µL of lysozyme solution of various 
concentrations (0-300 μg/mL) for 30 minutes. It was ensured that the spot of 
PS beads was completely submerged. The paper strips were then washed with 
1 mL of Milli-Q water for approximately 45 seconds to remove excess 
lysozyme. Next, the paper strips were incubated in 100 μL of 80 TPE-phos 
(0.125 mM in DMSO/H2O) for 15 minutes and were washed again with 1 mL 
of Milli-Q water for approximately 45 seconds to remove excess TPE-phos. 




UV light. Fluorescence intensities were plotted against lysozyme 
concentration. 
4.3 Results and Discussion 
4.3.1 Working Mechanism 
As illustrated in Scheme 4.1, this paper-based bioassay begins with the 
functionalization of negatively-charged lysozyme binding aptamers (LBAs) on 
PS microbeads (500 nm) in solution via the coupling reaction between 
carboxyl and amine groups. The use of PS beads not only provides enhanced 
molecule loading density, but also forms a well-defined reaction area for 
signal quantification. To reduce non-specific interaction of LBA–PS 
conjugates with interference substances, the PS beads were treated with 
ethanolamine to block free carboxyl sites. The blocked LBA–PS bead 
conjugates were then immobilized onto a Whatman filter paper No. 1 strip by 
physical adsorption. Upon drying, the porous structure of filter paper was able 
to provide a solid support that is robust enough to resist desorption of PS 
beads during repeated incubation and washing. 
 For detection of lysozyme, the paper strips were incubated with 
lysozyme in lysozyme reaction buffer (20 mM Tris-HCl, 100 mM NaCl, 5 
mM MgCl2, pH 8.5) for 30 min for the binding event to take place, followed 
by washing steps to remove excess lysozyme. As lysozyme has an isoelectric 
point (pI) of ~11.0, the paper strip surface adopts a positively net charge. The 
paper strips were then incubated with a solution of TPE-phos in Milli-Q water 
for 5 min. TPE-phos was synthesized in the previous work for detection of 




renders the molecule highly water soluble and negatively charged, making it a 
suitable staining agent for interaction with charged species. The zeta potential 
of TPE-phos under the reaction conditions (pH 8.5) was measured to be -5.59 
mV, implying effective electrostatic interaction between TPE-phos and 
lysozyme. The strips were then briefly washed to reduce nonspecific signals. 
The immobilized TPE-phos molecules, especially after drying of strips, will 
emit strong fluorescence as the free rotations of phenyl rings are restricted to 
open up a radiative pathway. As the intensity of the fluorescence signal is 
dependent on the concentration of lysozyme in the analyte solution, it is 
possible to quantify lysozyme concentration by measuring their fluorescence 
intensity. 
4.3.2 Determination of Conjugation Efficiency 
To determine the amount of LBA successfully bound to the surfaces of the PS 
beads during the functionalization step, the concentration of LBA in the 




 dye for quantitating 
oligonucleotides and single stranded DNA was used to determine the LBA 
concentration. The dye displays a linear relationship between PL intensity and 
concentration of nucleic acid in the sample, allowing a straightforward 
evaluation of samples with unknown concentration of nucleic acid. As 
compared to DNA quantification using UV/vis absorption, the PL method has 
a higher sensitivity and is resistant to interfering substances that contribute to 
large absorption. As shown in the calibration curve in Figure 4.1, peak PL 
intensities (520 nm) of OliGreen after incubation with LBA at a series of 
known concentrations are plotted. By comparing the concentration of the 




conjugation efficiency was found to be 82.4%. Additionally, given the particle 
concentration of the PS beads (36.4 particles/mL), the average number of LBA 
strands on each PS bead was estimated to be roughly 10,000 aptamers/PS bead. 
However, the possibility of the attached aptamer strands being replaced by 
ethanolamine during the blocking step as well as loss during washing steps 
should be considered. This would result in a reduction of the final amount of 
LBA functionalized on the PS bead surfaces.  


































Figure 4.1 Calibration Curve for the Determination of LBA Concentration in 
the Supernatant. λex = 480 nm, λem = 520 nm. 
4.3.3 Assay Optimization 
Most of previously reported paper-based bioassays require pretreatment of the 
paper strips with bovine serum albumin (BSA) to reduce the non-specific 
adsorption of proteins.
16,26-27
 The effect of BSA treatment was also explored in 
this assay. It was found that the BSA pretreated strips has much higher 
fluorescence background than that without pretreatment (Figure 4.2). Due to 




interact with the hydrophobic pockets of BSA to activate the AIE mechanism, 
leading to high background signal.
28
 As the cellulose paper is hydrophilic in 
nature, it can facilitate effective elution of water soluble analytes and TPE-






Figure 4.2 Fluorescence images of paper strips with and without BSA 
treatment after incubation in TPE-phos, taking under UV lamp illumination 
(λex = 365 nm).  
 In addition, the concentration of staining agent TPE-phos is critical in 
achieving high sensitivity and minimal non-specific interaction between TPE-
phos molecules and the substrate. To optimize the concentration of TPE-phos, 
the strips immobilized with PS-LBA were directly incubated with TPE-phos 
diluted at different ratios from 10 mM stock solution in DMSO using Milli-Q 
water. As shown in Figure 4.3A, the fluorescence intensity decreases as the 
dilution ratio increases. At 80  dilution, negligible fluorescence background 
was observed, which was selected to be used in this bioassay. To verify the 
AIE characteristic of TPE-phos, a comparison of TPE-phos in solution and on 
paper was carried out. Figure 4.3B shows the photograph of TPE-phos in 
solution state (a) and deposited on paper strip (b) at 80  dilution under UV 
lamp illlumination. It can be seen that the solution appears nonfluorescent 




aggregation formation. This also implies the feasibility of using TPE-phos for 
paper-based assay in which the fluorescence signal can be easily read out 
when immobilized on solid support.  





Figure 4.3 (A) Fluorescence images of LBA-PS spotted paper strips incubated 
in different dilutions of TPE-phos from 10 mM stock solution in DMSO using 
Milli-Q water. (B) Fluorescence images of TPE-phos in solution state (a) and 
deposited on paper strip (b) at 80 × dilution by water. 
 As the binding event of TPE-phos relies on electrostatic interaction, 
reaction parameters such as pH will play an importance role in TPE-phos 
retention. An optimal pH is necessary to maintain the oppositely charged 
lysozyme and TPE-phos for effective interaction. Additionally, the pH can 
affect the binding between lysozyme and LBA. Extreme pH levels can 
denature the oligonucleotide strands and lysozyme to result in lysozyme 
dissociation. The effect of pH was then studied by carrying out the TPE-phos 




signal-to-background ratio, the assays were examined at lysozyme at both zero 
and high (200 μg/mL) concentrations. As shown in Figure 4.4, little 
fluorescence signal was collected at pH 10 even at lysozyme concentration of 
200 μg/mL, which might be due to deprotonation and neutralization of 
lysozyme that fails to attract TPE-phos. At pH 2, there is significant 
background fluorescence at both lysozyme concentrations, which indicates 
significant non-specific binding of TPE-phos to the paper-strip. At low pH, 
TPE-phos may become protonated and less soluble and tend to form large 
aggregates accumulated on paper surfaces that cannot be washed away, which 
accounts for the high fluorescence signal at pH2. At pH 5 and 8, high signal-
to-background ratios were obtained, indicating a good working range in pH 5–
8. In addition, the intrinsic fluorescence of TPE-phos immobilized directly on 
paper strips at various pH values show little distinction, further proving that 
the signal variation of the assays mainly result from the difference in 
effectiveness of lysozyme-probe binding. For convenience, Milli-Q water (pH 
~ 7.0) was chosen as the incubation medium for TPE-phos staining.  
pH 2 pH 5 pH 8 pH 10
[Lysozyme] = 200 μg/mL
pH 2 pH 5 pH 8 pH 10





Figure 4.4 Fluorescence images of LBA-PS spotted paper strips incubated 
with 200 and 0 μg/mL lysozyme followed by 80 × TPE-phos diluted by Milli-
Q water adjusted to various pH. 
4.3.4 Comparison of Assay Performance with Conventional 
Fluorophore 
One major advantage of this assay is that it requires minimum washing steps 
to achieve a good signal-to-noise ratio. To demonstrate this, quinine sulphate 
(QS), a negatively charged and blue-emitting conventional fluorophore was 
used as control for comparison of assay performance. Figure 4.5 shows the 
photos of the assay strips performed using both TPE-phos and QS before and 
after washing steps at lysozyme concentration of 100 μg/mL. As seen from Fig. 
S4A, the strips incubated with TPE-phos show low fluorescence background 
before and after washing, with slightly higher background for that before 
washing. At the same concentration, the QS solution appear much brighter and 
it fails to produce discernable fluorescence signal even after washing; while at 
a higher concentration (1mM), extremely high fluorescence background was 
observed, indicating its infeasibility for use in this assay. The poor signal of 
QS is speculated to be its inability to form emissive aggregates at the testing 
spot to provide good contrast from the background despite of its high quantum 
yield. In contrast, only a small amount of TPE-phos is needed to produce 
sufficient brightness from its aggregates while the majority of the molecules 
on PS-LBA free area on paper strips stay soluble or removed during washing 
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Figure 4.5 Fluorescence images of LBA-PS immobilized paper strips stained 
with 0.125 mM TPE-phos (A), 0.125 mM (B) and 1 mM (C) quinine sulfate at 
lysozyme concentration of 100 µg/mL before (left) and after (right) washing 
steps. 
4.3.5 Study of Assay Selectivity and Sensitivity 
To test the specificity of the bioassay towards lysozyme, the assay was tested 
with a group of proteins having different pIs under the same experimental 
conditions. Figure 4.6A shows the photographs of the strips taken under UV 
lamp excitation after incubation with pepsin, BSA, papain and lysozyme each 
at 100 μg/mL and subsequent TPE-phos staining. The fluorescence intensities 
of the testing spots on the paper strips were analyzed using ImageJ software 
(Figure 4.6B). It is seen that lysozyme can produce fluorescence signal much 
higher than that of interference proteins (3.3–20.5-fold), indicating a good 
selectivity of the probe. A general pattern of increasing fluorescence signal 
was also observed with the increasing pI values of proteins. The excess 
nonspecifically adsorbed proteins with higher pI values possess more positive 




































Figure 4.6 Fluorescence images (A) and their corresponding mean 
fluorescence intensity profile (B) of LBA-PS bead spotted paper strips 
incubated with different proteins at concentration of 100 μg/mL followed by 
incubation in 0.125 mM TPE-phos in DMSO/H2O (v/v = 1/79).  
 To assess the sensitivity of the developed assay, the assay was tested for 
a range of lysozyme concentrations from 0 to 300 μg/mL. As shown in the 
fluorescence images in Figure 4.7, the observed fluorescence of the PS spots 
on the paper strips become progressively brighter with increased lysozyme 
concentration. This is attributed to the higher positive charge on the LBA-PS 
bead surfaces retained at higher lysozyme concentration that results in 
accumulation of an increased number of negatively-charged TPE-phos 
molecules to form brighter aggregates according to AIE mechanism. By 
comparing the observed fluorescence of the bioassay with standards, rapid 





















































Figure 4.7 (A) photograph of LBA-PS bead spotted paper strips incubated 
with various concentrations of lysozyme followed by incubation in 0.125 mM 
TPE-phos in DMSO/H2O (v/v = 1/79) taken under UV lamp excitation (λex = 
365 nm). (B) Plot of mean fluorescence intensities of LBA-PS bead spotted 
paper strips againt lysozyme concentrations. Inset shows linear plot in the 
range of 0–100 μg/mL of lysozyme. 
 To demonstrate the quantitation of lysozyme concentration, a calibration 
curve was constructed by plotting the fluorescence intensity against lysozyme 
concentration (Figure 4.7B). The fluorescence intensity increases linearly with 
lysozyme up to 50 μg/mL and gradually reaches a plateau. Based on the three 
standard deviation (3σ) method, the detection limit was estimated to be 2 
μg/mL. This assay is generally less sensitive to other formats, but has 
comparable or higher sensitivity compared to other visual assays.
29-30
 The 
lower sensitivity here may be associated to the autofluorescence of the paper 




gives a much desired simplicity, portability and disposability lacking in the 
liquid-based bioassays. It is also possible to improve the sensitivity by using a 
different AIE fluorogen with red-shifted emission or higher quantum yield for 
better discrimination of signals, and that with higher water solubility to 
minimize nonspecific binding and higher charge density to improve 
responsiveness. 
4.4 Conclusion 
In summary, we report a simple, rapid, inexpensive and portable paper-based 
bioassay for the detection of lysozyme. The AIE characteristics of TPE-phos 
were fully harnessed to provide high signal-to-background ratio with 
minimum purification needed. The assay shows fairly good selectivity and 
sensitivity and can be improved by further optimization of reaction conditions 
or replacement with a different AIE fluorogen. The fundamental principles of 
the assay mechanism can be generalized to other target molecules and the 
bioassay exhibits considerable versatility that will facilitate its application to a 
wide range of molecules such as other proteins, DNA and ionic species. 
Furthermore, this proof of concept may open a new avenue for AIE materials 
in application of solid substrate-based sensing which has the potential for cost 
effective and large-scale screening of molecular targets.  
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CHAPTER 5  E/Z ISOMERS OF CASPASE PROBES 
WITH AGGREGATION-INDUCED EMISSION 
HARACTERISTICS 
5.1 Introduction 
Apoptosis, a self-programmed cell death process to eliminate redundant or 
senescent cells,
1
  plays a critical role in regulation of biological functions, 
including normal cell turnover, immune response, wound healing, endocrine-
dependent atrophy and development of individual organs.
2
 Disruption of 
apoptosis can ultimately lead to a series of pathological conditions such as 
cancer, Alzheimer’s disease and AIDS.3 Yet, the apoptotic mechanism have 
not been fully understood, the development of effective probe for study of 
apoptosis process is thus of clinical importance. 
Caspase, a group of cysteine-aspartic protease, plays a central role in 
initiation and execution of apoptosis through a cascade of activation or 
deactivation processes.
4
 Among them, caspase-3 has been identified to be the 
most prominent player and has been well established as a biomarker for 
monitoring of apoptosis.
5
 Common approaches for fabrication of caspase 
probes involve functionalization of a fluorophore with caspase-specific 
substrate such as Asp-Glu-Val-Asp (DEVD) peptide or dual-functionalization 
with a pair of donor and acceptor.
6-14
 The activity of caspase can be correlated 
with the change of fluorescence intensity or emission wavelength upon 
cleavage of the substrate. Although these approaches have been applied in 
both in vitro and in vivo apoptosis detection, limitations such as high 




The discovery of AIE phenomenon in 2001 has grabbed intense research 
attention.
15
 Through proper design of the AIE fluorogens, some fascinating 
probes have been developed for monitoring enzyme activity.
16-20
 Our previous 
work has successfully demonstrated real-time monitoring of caspase-3/7 
activity using an AIE probe which comprises a  tetraphenylethene (TPE) unit 
and a caspase-3/7 specific DEVD substrate.
21
 The light-up probe (DEVD-TPE) 
showed superior performance over commercial coumarin-based apoptosis 
probes with high signal-to-background ratio. It is hypothesized that the signal-
to-noise ratio can be further improved by attaching an additional DEVD 
moiety on the other side of the DEVD-TPE probe as incorporation of a second 
DEVD peptide can significantly improve water solubility of the probe to yield 
a much lower background signal.  
In this regard, we synthesized a dual DEVD-labeled TPE probe (TPE-
2DEVD) for in vitro monitoring of caspase-3 activity. As the precursor of the 
probe, bisazido-functionalized TPE (TPE-2N3) exists in a racemic mixture due 
to unsymmetrical coupling of McMurry reaction, one interesting outcome is 
the production of probes with E/Z isomers. Previous endeavor has been 
successful in production of pure stereoisomers of AIE probes by hand-picking 
of individual crystals based on their different morphologies (small needles and 
big chunks).
22
 However, such separation techniques require labor intensive 
procedures and cannot be applied for large-scale production. In addition, to 
date, little has been studied for isomeric probes in terms of their reaction 
kinetics with enzymes. It is known that enzymes are strictly specific and 
conformation sensitive to substrate.
23
 The distinct spatial arrangements of 




interactions between caspase-3 and the probe. We hence, report a strategy to 
produce pure isomeric AIE probes with the potential to scale up and explored 
their effectiveness as caspase-3 substrates for the first time. 
5.2 Experimental 
5.2.1 Chemicals and Instruments 
4-Methylbenzophenone, zinc dust, N-bromosuccinimide (NBS), benzoyl 
peroxide (BPO), sodium azide, carbon tetrachloride, copper(II) sulfate, sodium 
ascorbate, N,N-diisopropylethylamine (DIEA), dimethyl sulfoxide (DMSO), 
trifluoroacetic acid (TFA), triisopropylsilane (TIS), piperazine-N,N’-bis(2-
ethanesulfonic acid (PIPES), ethylenediaminetetraacetic acid (EDTA) and 3-
[(3-cholamidopropyl)dimethylammonio]propanesulfonic acid (CHAPS) were 
all purchased from Sigma-Aldrich and used as received without further 
purification. All the solvents were purchased from Sigma-Aldrich and used as 
received without further purification, except for hexane and tetrahydrofuran, 
which were distilled from sodium benzophenoneketyl immediately prior to use. 
Titanium(IV) chloride was purchased from Merck. The Rink-amide resin, O-
benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU), 
N-hydroxybenzotriazole (HOBt), Fmoc-protective amino acids and the 
alkyne-terminated DEVD peptide was purchased from GL Biochem Ltd. 
Bovine serum albumin (BSA), papain, lysozyme, pepsin, and trypsin were 
purchased from Sigma. Recombinant human caspase-3 and inhibitor Z-
DEVD-FMK were purchased from R&D Systems and caspase-1, human 
recombinant, E. coli was purchased from Merk Millipore. Fetal bovine serum 




Technologies, AG, Switzerland). Staurosporine was purchased from Biovision. 
Milli-Q water was supplied by Milli-Q Plus System (Millipore Corporation, 
Breford, USA). MCF-7 breast cancer cell line was provided by American 
Type Culture Collection.  
UV-vis absorption spectra were taken on a Milton Ray Spectronic 3000 
array spectrophotometer. Photoluminescence (PL) spectra were measured on a 
Perkin-Elmer LS 55 spectrofluorometer. All PL spectra were measured with 
an excitation wavelength of 320 nm. The cells were imaged by fluorescence 




C NMR spectra were 
measured on a Bruker ARX 400 NMR spectrometer. High-resolution mass 
spectra (HRMS) were recorded on a Finnigan MAT TSQ 7000 Mass 
Spectrometer System operating in a MALDI-TOF mode. The HPLC profiles 
and ESI mass spectra were acquired using a Shimadzu IT-TOF. A 0.1% 
TFA/H2O and 0.1% TFA/acetonitrile were used as eluents for all HPLC 
experiments. The flow rate was 0.6 mL/min for analytical HPLC and 3 
mL/min for preparative HPLC. 
5.2.2 Synthesis of TPE-2N3 (4) 
Synthesis of 1,2-bis(4-methylphenyl)-1,2-diphenylethene (2). Into a 
nitrogen-ﬁlled 250 mL two-necked round-bottom ﬂask were added 4-
methylbenzophenone (5.89 g, 30 mmol), zinc dust (5.88, 90 mmol) and freshly 
distilled THF (100 mL). The solution was cooled to 78 oC in dry-ice/acetone 
bath. TiCl4 (7.56 g, 90 mmol) was added dropwise. After reﬂuxing overnight, 
the reaction mixture was cooled to room temperature. The mixture was poured 
into diluted hydrochloric acid and extracted with DCM several times. The 




reduced pressure. The crude product was further puriﬁed by a silica gel 
column using hexane as eluent to yield 2 as a white solid (5.25 g, 97% yield). 
1
H NMR (400 MHz, CDCl3) δ (TMS, ppm): 7.12–7.01  (m, 10H), 6.93–6.90 
(m, 8H), 2.26 (s, 6H); 
13
C NMR (100 MHz, CDCl3) δ (TMS, ppm): 144.1, 
140.9, 140.4, 135.8, 131.3, 131.1, 128.4, 127.5, 126.2, 21.2. HRMS (MALDI-
TOF), m/z 360.1877 (M
+
, calcd. 360.1878) 
Synthesis of 1,2-bis[4-(bromomethyl)phenyl]-1,2-diphenylethene (3). Into a 
100 mL round-bottom ﬂask were added 2 (1.44 g, 4.0 mmol), freshly 
recrystallized NBS (1.57 g, 8.8 mmol), and catalytic amount of BPO (0.01 g) 
in 60 mL of carbon tetrachloride. The solution was reﬂuxed for 10 h before it 
was cooled to room temperature. The solution was ﬁltered and the ﬁltrate was 
concentrated under reduced pressure. The crude product was puriﬁed by a 
silica gel column using hexane/chloroform (v/v = 4:1) as eluent to yield 3 as a 
white solid (1.08 g, 52% yield). 
1
H NMR (400 MHz, CDCl3) δ (TMS, ppm): 
7.15–7.08 (m, 10H), 7.01–6.97 (m, 8H), 4.40 (s, 4H). 13C NMR (100 MHz, 
CDCl3) δ (TMS, ppm):144.3, 143.7, 141.3, 136.3, 132.1, 131.8, 128.9, 128.3, 
127.2, 34.0. HRMS (MALDI-TOF), m/z 518.0305 (M
+
, calcd. 518.0068). 
Synthesis of 1,2-bis[4-(azidomethyl)phenyl]-1,2-diphenylethene (4). Into a 
100 mL round-bottom ﬂask were added 3 (0.78 g, 1.5 mmol) and sodium azide 
(0.39 g, 6.0 mmol) in 60 mL of DMSO. After stirring at room temperature 
overnight, the solution was poured into water and extracted with diethyl ether 
several times. The organic layer was combined and washed with water and 
brine, and then dried over MgSO4. After ﬁltration and solvent evaporation, the 
crude product was puriﬁed by a silica gel column using hexane/chloroform 




product was characterized by NMR and HRMS. 
1
H NMR (400 MHz, CDCl3) 
δ (TMS, ppm): 7.14–7.12 (m, 6H), 7.07–7.02 (m, 12H), 4.26 (s, 4H). 13C 
NMR (100 MHz, CDCl3) δ (TMS, ppm):144.4, 143.9, 141.4, 134.0, 132.4, 
131.9, 128.5, 128.4, 128.3, 127.3, 55.2. HRMS (MALDI-TOF), m/z 442.1914 
(M
+ 
, calcd. 442.1906). 
5.2.3 Synthesis of E/Z-TPE-2DEVD 
 “Click” synthesis of E/Z-TPE-2DEVD. DEVD-A (6.1 mg, 10 µmol) and 4 
(TPE-2N3) (2.2 mg, 5 µmol) were dissolved in 50 µL of DMSO. A mixture of 
DMSO/H2O solution (v/v = 1/1; 0.5 mL) was subsequently added and the 
reaction was shaken for a few minutes to obtain a clear solution. The “click” 
reaction was initiated by sequential addition of catalytic amounts of sodium 
ascorbate (0.4 mg, 2.0 µmol) and CuSO4 (1.6 mg, 1.0 µmol). The reaction was 
continued with shaking at room temperature for another 24 h. The final 
products were purified by prep-HPLC and freeze-dried to yield white solid 
(6.3 mg, 38% yield). HRMS (MALDI-TOF): m/z 1690.6659 ([M+Na]
+
, calcd 
1690.6872). The HPLC condition is: 20-100% B for 10 min, then 100% B for 
2 min, 20% B for 5 min (Solvent A: 100% H2O with 0.1% TFA; Solvent B: 
100% CH3CN with 0.1% TFA). 
For E-TPE-2DEVD: 
1
H NMR (400 MHz, DMSO-d6, ppm) δ: 12.3 (br s, 
6 H), 8.24 (d, J = 7.2 Hz, 2H), 8.18 (d, J = 7.8 Hz, 2H), 7.97 (t, J = 8.4 Hz, 
4H), 7.80 (s, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.18 (s, 2H), 7.12–7.07 (m, 8H), 
6.97–6.91 (m, 12H), 5.43 (s, 4H), 4.54–4.46 (m, 4H), 4.34–4.31 (m, 2H), 
4.27–4.24 (m, 2H), 4.08 (t, J = 7.2 Hz, 2H), 3.08–3.04 (m, 2H), 2.90–2.86 (m, 
2H), 2.66–2.64 (m, 4H), 2.53–2.44 (m, 4H), 2.22–2.17 (m, 4H), 1.92–1.88 (m, 




(100 MHz, DMSO-d6, ppm) δ: 173.9, 172.1, 171.8, 171.6, 171.0, 170.9, 170.9, 
170.1, 169.5, 143.1, 142.8, 142.6, 140.2, 134.2, 130.7, 130.4, 127.8, 126.9, 
126.6, 123.1, 57.7, 52.4, 52.2, 52.0, 49.7, 49.6, 35.9, 35.6, 30.3, 29.9, 27.8, 
26.9, 22.4, 19.0, 17.8. 
For Z-TPE-2DEVD: 
1
H NMR (400 MHz, DMSO-d6, ppm) δ: 12.3 (br s, 
6 H), 8.24 (d, J = 7.2 Hz, 2H), 8.18 (d, J = 7.6 Hz, 2H), 7.96 (t, J = 7.8 Hz, 
4H), 7.83 (s, 2H), 7.69 (d, J = 8.4 Hz, 2H), 7.19 (s, 2H), 7.12–7.05 (m, 8H), 
7.00–6.90 (m, 12H), 5.45 (s, 4H), 4.54–4.47 (m, 4H), 4.35–4.32 (m, 2H), 
4.26–4.24 (m, 2H), 4.09 (t, J = 7.2 Hz, 2H), 3.08–3.05 (m, 2H), 2.91–2.87 (m, 
2H), 2.67–2.61 (m, 4H), 2.53–2.44 (m, 4H), 2.22–2.17 (m, 4H), 1.93–1.88 (m, 
4H), 1.81 (s, 6H), 1.74–1.72 (m, 2H), 0.75 (d, J = 6.6 Hz, 12H ); 13C NMR 
(100 MHz, DMSO-d6, ppm) δ:  173.9, 172.1, 171.8, 171.6, 171.0, 170.9, 171.0, 
170.0, 169.5, 143.1, 142.9, 142.6, 140.2, 134.3, 130.8, 130.5, 127.7, 127.0, 
126.5, 123.2, 57.7, 52.4, 52.2, 52.0, 49.7, 49.5, 35.9, 35.6, 30.3, 29.9, 27.9, 
26.9, 22.4, 19.0, 17.8.  
5.2.4 Synthesis of E/Z-TPE-2A 
The alkyl functionalized amino acid (5) was first synthesized using standard 
Fmoc strategy with rink amide resin as the solid support. The resin (100 mg, 
loading ∼0.5 mmol/g) was swelled in HPLC-grade DMF for 1 h at room 
temperature. Subsequently, Fmoc group was deprotected in piperidine/DMF 
(v/v = 1/4) for 2 h at room temperature. Following piperidine removal, the 
resin was washed extensively with DMF and DCM and dried thoroughly 
under high vacuum. Next, alkyne-functionalized amino acid (Scheme S3) was 
dissolved in dry DMF (1.5 mL) together with HBTU (4 equiv.), HOBt (4 




mixture was shaken at room temperature. After overnight reaction, the resin 
was filtered and washed thoroughly with DMF (3×), DCM (3×) and DMF (3×) 
until the filtrate became colorless. After drying thoroughly under high vacuum, 
the Fmoc group was removed under 20% piperidine in DMF. The resin was 
then treated with a mixture of 95% TFA, 2.5% triisopropylsilane (TIS) and 
2.5% H2O for 4 h at room temperature. Following prolonged concentration in 
vacuum until >80% of cleavage cocktail was removed, the resulting crude 
product was purified by prep-HPLC to afford compound 5. E/Z-TPE-2A was 
then synthesized via the click chemistry of 5 and TPE-2N3. The obtained 5 
was dissolved in DMSO together with 1.2 equivalent (eq) of TPE-2N3. An 
aqueous solution containing 0.2 eq of CuSO4 and 0.4 eq of sodium ascorbate 
was added to the mixture to initiate the click reaction. The mixture was further 
shaken for 24 h and the products were purified by HPLC and freeze-dried to 
yield E/Z-TPE-2A in white solid (35% yield) which were characterized by 
LC-MS. IT-TOF m/z [M+H]
+
 calcd. 667.3179, found 667.2737. The HPLC 
condition is: 20-100% B for 10 min, then 100% B for 2 min, 20% B for 5 min 
(Solvent A: 100% H2O with 0.1% TFA; Solvent B: 100% CH3CN with 0.1% 
TFA). 
5.2.5 General Procedures for Enzymatic Assay 
1 µL DMSO stock solutions of Z/E-TPE-2DEVD were diluted with caspase-3 
assay buffer (50 mM PIPES, 100 mM NaCl, 1 mM EDTA, 0.1% w/v CHAPS, 
25% w/v sucrose, pH = 7.2) to make 47 µL working solutions (10 μM). 3 µL 
of the recombinant caspase-3 (∼0.05 μg/μL stock solution in assay buffer) was 
added into the above working solution. The reaction mixture was incubated at 




deionized water for photoluminescence measurement. For inhibition study, 
caspase-3 was incubated with inhibitor Z-DEVD-FMK (10 μM) for 20 min 
prior to incubation with Z/E-TPE-2DEVD probes for another 60 min. The 
solution was excited at 320 nm, and the emission was collected from 360 to 
600 nm. 
5.2.6 Live Cell Caspase Imaging & Cytotoxicity Study 
Cell Culture. MCF-7 cell lines were provided by American Type Culture 
Collection. MCF-7 breast cancer cells were cultured in DMEM (Invitrogen, 
Carlsbad, CA) containing 10% heat-inactivated fetal bovine serum (FBS; 
Invitrogen), 100 U/mL penicillin and 100 µg/mL streptomycin (Thermo 
Scientific) and maintained in a humidified incubator at 37 °C with 5% CO2. 
Before experiment, the cells were pre-cultured until confluence was reached. 
Microscopy Imaging. MCF-7 cells were cultured in the chambers (LAB-TEK, 
Chambered Coverglass System) at 37 
o
C. After 80% confluence, the adherent 
cells were washed twice with 1× PBS buffer. The Z or E-TPE-2DEVD 
solution (10 µM, 0.3 mL) was then added to the chamber. After incubation for 
2 h at 37 
o
C, the cells were washed once with 1× PBS buffer, and treated with 
3 μM staurosporine (STS), for 1 h. The cells were washed one time with 1× 
PBS buffer. The imaging was then done with fluorescence microscope (Nikon) 
or confocal laser microscope. For drug screening test, two other apoptosis 
inducers, cisplatin and sodium ascorbate were incubated in parallel with STS 
under the same experiment conditions. 
Cytotoxicity Study The metabolic activity of MCF-7 breast cancer cells was 
evaluated using methylthiazolyldiphenyltetrazolium bromide (MTT) assay 




cells. MCF-7 breast cancer cells were seeded in 96-well plates (Costar, IL, 
USA) at an intensity of 4 × 10
4
 cells/mL, respectively. After 24 h incubation, 
the medium was replaced by FBS-Free medium containing Z-TPE-2DEVD at 
concentrations of 5, 10 and 25 µM followed by incubation for 24 and 48 h at 
37 °C, respectively. The wells were them washed twice with 1× PBS buffer 
and each well was added with 100 µL of freshly prepared MTT (0.5 mg/mL) 
solution in culture medium. The MTT medium solution was carefully removed 
after 3 h incubation at 37 °C. Filtered DMSO (100 µL) was then added into 
each well and the plate was gently shaken for 10 min at room temperature to 
dissolve all the precipitates formed. The absorbance of MTT at 570 nm was 
monitored by the microplate reader (Genios Tecan). Cell viability was 
expressed by the ratio of the absorbance of the cells incubated with TPE-NLS 
to that of the cells incubated with culture medium only. 
5.3 Results and Discussion 
5.3.1 Working Principles 
TPE is a typical fluorogen with AIE characteristics. It emits strong blue 
fluorescence in aggregated state. The design principles are illustrated in 
Scheme 5.1. A TPE unit is functionalized with two arms of caspase-3 specific 
peptide DEVD via the click chemistry to yield the probe TPE-2DEVD. Due to 
the excellent water solubility endowed by the DEVD arms, the probe is 
virtually nonfluorescent in aqueous medium, and thus in an “off” state. In the 
presence of caspase-3, the DEVD arms can be cleaved after aspartate residue 
to yield a highly fluorescent product in the same medium due to its 




hydrolysis. In the presence of other nonspecific proteins, the probe cannot be 
cleaved and no fluorescent product is formed. It is speculated that the probe is 
highly specific to caspase-3 which plays an important role in caspase 
activation. Thus this light-up probe is potentially useful for monitoring of cell 
















Scheme 5.1 Schematic illustration of caspase-3 detection using TPE-2DEVD 
probe. 
5.3.2 Synthesis and Characterization of E/Z-TPE-2DEVD 
TPE-2N3 was first synthesized in three steps according to the previously 
reported method as shown in Scheme 5.2. 
24
 TPE-2DEVD was then 
synthesized by a copper catalyzed “click” reaction of a TPE-2N3 and an 
alkyne (A)-bearing DEVD peptide (DEVD-A) with access amount in a 
DMSO/water mixture (Scheme 5.3). A racemic mixture of E-TPE-2DEVD 
and Z-TPE-2DEVD were afforded in 90% yield. The introduction of DEVD 
peptides into the TPE core made it possible to separate the two isomers easily 
using HPLC due to the difference in hydrophobicity. After HPLC separation, 
two isomers were then characterized by NMR (Figure 5.1) and high resolution 





Scheme 5.2 The synthetic route to TPE-2N3. 
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Figure 5.1 
1
H NMR and 
13
C NMR spectra of E-TPE-2DEVD (A & B) and Z-
TPE-2DEVD (C & D),  respectively. 
 In order to confirm the respective isomeric structures of the two isomers, 
we tried to grow single crystals using the separated TPE-2DEVD products but 
failed. As smaller molecules are much more prone to crystalize,
22
 it is possible 




by growing crystals. HPLC was employed to separate E/Z-TPE-2N3 into 
individual isomers though it requires much harsher separation conditions to 
achieve efficient separation as compared to their peptide-functionalized 
counterparts. The first elusion product of TPE-2N3 was allowed to grow single 
crystals and the X-ray diffraction (XRD) crystallography results reveal the 
product to be E stereoisomer of TPE-2N3 (Figure 5.2). Using the pure E-TPE-
2N3 as the starting material, only E-TPE-2DEVD was synthesized and purified 
by HPLC and characterized by NMR. Both the retention time (9 min) and 
NMR spectrum (Figure 5.3) match well with that of the first eluted product of 
TPE-2DEVD synthesized initially, proving the first eluted TPE-2DEVD 
products is E- isomer and the latter eluent is Z-isomer. 
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Figure 5.3 Characteristic 
1
H NMR spectra (7.50–8.50 nm) of (a) E-TPE-
2DEVD in Figure 5.1A and (b) Z-TPE-2DEVD in Figure 5.1C and (c) E-TPE-
2DEVD synthesized from E-TPE-2N3. 
The optical properties of TPE-2DEVD in a racemic mixture were 
investigated and compared with their precursors TPE-2N3. Figure 5.4 shows 
the UV-vis absorption and PL spectra of TPE-2DEVD and TPE-2N3  at 
concentration of 10 μM in DMSO/water (v/v = 1/199). Both samples have a 
similar absorption profile with an obvious absorbance in the 270-370 nm 
range. The slightly red-shifted absorption maxima of TPE-2N3 as compared to 
TPE-2DEVD are due to presence of aggregation. From the emission spectra, it 
can be seen that TPE-2DEVD are almost nonemissive due to good water 
solubility. In contrast, TPE-2N3 is highly fluorescent with a bright greenish 




hydrophobic, they form aggregates in aqueous medium which restricts 
intermolecular rotation to activate AIE mechanism. The presence of 
aggregates in TPE-2N3 were confirmed by LLS measurement, showing strong 
signals of nanoparticles with the size of 166.8 nm ± 4.3 nm, while no signals 
were collected for TPE-2DEVD. 
a     b




































Figure 5.4 UV-vis absorption (dashed line) and PL (solid line) spectra of 10 
μM TPE-2N3 (blue) and TPE-2DEVD (red) in DMSO/water (1:99 v/v). λex = 
320 nm. The inset shows their respective photographs of under UV lamp 
illumination (λex = 365 nm). 
5.3.3 Caspase-3 Assay Using E/Z-TPE-2DEVD Probes 
To investigate the light-up property of both E- and Z-TPE-2DEVD, we 
measured their respective fluorescence changes with and without treatment of 
recombinant caspase-3. As can be seen from photoluminescence (PL) spectra 
shown in Figure 5.5, both E-TPE-2DEVD and Z-TPE-2DEVD show no 
fluorescence in a mixture of DMSO/PIPES buffer (v/v = 1/199). However, 
strong fluorescence signals are recorded for both probes upon treatment with 
caspase-3. In the presence of the caspase-3 inhibitor Z-DEVD-FMK, the 




of caspase-3, indicating the specific reaction between the probes and caspase-3. 
The enhanced fluorescence of the probes is attributed to the aggregation of 
cleavage residues, E-TPE-2A and Z-TPE-2A (Scheme 5.4), which was witness 
by LLS measurements, showing average mean particle sizes of 278.1 ± 6.5 
and 266.7 ± 4.5 nm, respectively. 
 




























Figure 5.5 PL spectra of E- and Z-TPE-2DEVD in the before and after 
incubation with caspase-3 in the presence and absence of inhibitor Z-DEVD-
FMK in DMSO/PIPES buffer (v/v = 1/199).  [E/Z-TPE-2DEVD] = [E/Z-TPE-
2A] = [inhibitor] = 10 µM, [caspase-3] = 3 µg mL
-1
, ex = 320 nm. 
  




To investigate the kinetic property of the enzyme, both E-TPE-2DEVD 
and Z-TPE-2DEVD were incubated with recombinant purified caspase-3 at 
37 °C, the changes in fluorescence were monitored over time. As shown in 
Figure 5.6A, both probes show gradually increasing fluorescence over the time. 
However, the fluorescence intensity of E-TPE-2DEVD reaches equilibrium 
within ~5 min, much faster than its Z- counterpart (~30 min). This indicates 
that the enzyme may interact with E-TPE-2DEVD more efficiently that leads 
to accelerated reaction rate. In addition, the final intensity of Z-TPE-2DEVD 
is apparently higher than that of E-TPE-2DEVD, which is consistent with the 
previous results shown in Figure 5.5. The difference in final fluorescence 
intensity may stem from the different hydrophobic properties of the AIE 
residue products.  
In order to further probe the reaction kinetics between caspase-3 and 
E/Z-TPE-2DEVD and investigate the structure-property relationship of the 
probes and residues, we monitored the cleavage of probes using reverse phase 
LC-MS spectra over time. As shown in Figure 5.6B, both probes were 
gradually hydrolyzed to the corresponding form of TPE-2A upon treatment 
with caspase-3. Z-TPE-2DEVD was cleaved over 20 min, while the same 
amount of E-TPE-2DEVD was completely hydrolyzed only during 5 min. 
This indeed suggests that E-TPE-2DEVD is more effective for caspase-3 
interaction and the difference in special arrangement of substrates does have 
an impact on binding affinity and reaction kinetics. In addition, the retention 
time for Z-TPE-2A in reverse phase HPLC spectra is 10.1 min, while E-TPE-
2A is around 8.9 min, which demonstrated that Z-TPE-2A is more 




molecules with respect to their linear counterparts. In order to further 
investigate the fluorescent properties of cleaved product E and Z-TPE-2A, 
both compounds were synthesized by solid-phase synthetic method and 
characterized by LC-MS. The fluorescent intensities of E- and Z-TPE-2A in 
PIPES buffer were subsequently measured by PL spectrometer and they 
display around 258- and 123-fold higher fluorescence than their respective 
probes alone. The quantum yields of Z-TPE-2A and E-TPE-2A are 0.02 and 
0.005 using quinoline sulfate as a standard, respectively (Table 5.1). 



























































































































Figure 5.6 (A) Time-dependent PL spectra of E and Z-TPE-2DEVD upon 
addition of caspase-3 from 0 to 60 min. (B) Hydrolysis of E- and Z-TPE-
2DEVD by caspase-3 monitored by HPLC. [E/Z-TPE-2DEVD] = 10 µM. 
[caspase-3] = 3 µg mL
-1






Quinoline sulfate 346 450 0.55 
TPE-2N3 320 490 0.24 
Z-TPE-2A 320 470 0.014 
E-TPE-2A 320 470 0.0047 
E/Z-TPE-2DEVD 320 470 0.0005 
[a]
 ex is excitation maxima; 
[b]
 em is emission maxima; 
[c]
  is quantum 
yield which is determined using quinoline sulfate in 1× PBS as the standard.  
Table 5.1 Photophysical properties of quinoline sulfate, TPE-2N3, Z-TPE-2A, 
E-TPE-2A and E/Z-TPE-2DEVD in 1 × PBS. 
We next performed the enzymatic assays for Z-TPE-2DEVD with 
different concentrations of caspase-3 ranging from 0 to 3 µg mL-1 after 1 h 
incubation. Figure 5.7 shows the variation in the PL spectra of the assays. 
With the increasing concentrations of caspase-3, the PL intensities gradually 
increase due to the increased amount of Z-TPE-2Areleased. In comparison to 
the probe’s intrinsic emission in the buffer solution, around 300-fold PL 
enhancement is observed when the probe is incubated with 3 µg mL-1 
caspase-3 for 1 h. In addition, the PL intensities of the assays increase linearly 
with the increasing concentrations of caspase-3, demonstrating that the probe 

































































































































Figure 5.7 PL spectra of Z-TPE-2DEVD in the presence of different amounts 
of caspase-3 (0, 0.15, 0.3, 0.6, 1.5 and 3 µg mL
-1
). [E/Z-TPE-2DEVD] = 10 
µM. [caspase-3] = 3 µg mL
-1
.ex = 320 nm. 
To further investigate the probe selectivity, Z-TPE-2DEVD was treated 
with different proteins, such as cathepsin B, pepsin, trypsin, papain, lysozyme, 
BSA as well as caspase-1 under identical conditions. As shown in Figure 5.8, 
caspase-3 displays apparent higher fluorescence change than the other seven 
proteins. This substantiates that Z-TPE-2DEVD is indeed a specific probe for 
caspase-3 and the target-specific light-up response can be harnessed for 

















































Figure 5.8 Plot of (I-I0)/I0 versus different proteins, where I and I0 are the PL 
intensities at protein concentrations of 100 and 0 nM, respectively. [Z-TPE-
2DEVD] = 10 µM. ex = 320 nm. The inset shows the photographs of Z-TPE-
2DEVD in the presence of cathepsin B (a) at 100 nM, respectively upon UV 
lamp illumination. 
5.3.4 Cell Imaging of Apoptosis  
To further explore the potential of the probe for live-cell imaging of caspase-3 
activation, fluorescence microscopy was used to image the normal and 
apoptotic MCF-7 cells which were treated with E-TPE-2DEVD and Z-TPE-
2DEVD, respectively. As shown in Figure 5, the normal and un-induced cells 
show an extremely low fluorescence signal, indicative of little or no caspase-3 
activity (Figure 5.9A and 5E). In a sharp contrast, strong fluorescence signals 
are collected from the cells treated by staurosporine (STS), a commonly used 
apoptosis inducer (Figure 5.9C and 5.9F). The fluorescence signal of Z-TPE-
2DEVD is apparently higher than E-TPE-2DEVD, which is consistent with 
their fluorescent characters discussed before. The cytotoxicity of probe Z-




5.10 shows the cell viability of MCF-7 cells after incubation with Z-TPE-
2DEVD at 5, 10, and 25 μM for 24 and 48 h, respectively. The high viability 
of the cells indicates low cytotoxicity and good biocompatibility of the probe. 
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Figure 5.9 Fluorescence microscope images. Normal MCF-7 cells treated 
with (A&B) E-TPE-2DEVD and (E&F) Z-TPE-2DEVD; Apoptotic MCF-7 
cells treated with (C&D) E-TPE-2DEVD and (G&H) Z-TPE-2DEVD. [E-
TPE-2DEVD] = [Z-TPE-2DEVD] = 10 µM. Staurosporine (STS, 3 µM) was 
used to induce cell apoptosis. The images were acquired using fluorescence 
microscope (Nikon) equipped with DAPI filter. The scale bar of 10 μm 
applied to all images.  
























Figure 5.10 Metabolic viability of MCF-7 cancer cells after incubation with 
TPE-N3, Z-TPE-2DEVD at concentrations of 5, 10 and 25 EM for 24 and 48 h, 
respectively. 
 To test the ability of the probe for real time imaging of apoptosis, MCF-
7 cells were imaged at different time intervals upon addition of apoptosis 
inducer STS. The cells were incubated with 10 μM of Z-TPE-2DEVD for 2 h 
and treated with STS, which were immediately imaged under fluorescence 
microscope. Figure 5.11 shows the fluorescence images taken during a 90 min 
time period upon treatment of STS. No fluorescence signal was collected 
without adding STS, indicating a low fluorescence background. There is a 
gradual fluorescence light up as time elapsed and obvious blue fluorescence 
was observed after 60 min incubation and it becomes relatively stable after 75 
min. The process is clearly indicating the internalization of the probe into cells 
and activation of caspase during apoptosis induced by STS. Therefore, the 
probe can be used for real-time monitoring of cell apoptosis. 
0 min 0 min 15 min 30 min
45 min 60 min 75 min 90 min
 
Figure 5.11 Z-TPE-2DEVD at 10 μM taken before and after treatment of STS 
(3 μM). The images were acquired using a fluorescence microscope (Nikon) at 




5.3.5 Screening of Apoptosis-Inducing Drugs 
The discovery of novel apoptosis-inducing agents may offer solutions for 
development of anti-cancer drugs. We thus explore the ability of the probe Z-
TPE-2DEVD for in vitro screening of apoptosis drugs. MCF-7 cells were 
incubated with Z-TPE-2DEVD (10 μM) for 2 h and then treated with STS and 





 at 3 μM each. Figure 5.12 shows the CLSM images of the 
cells with and without inducers at 1.5 h incubation. Propidium iodide (PI), a 
commonly used red nuclear stain for death cells was added to the medium 
before taking the images. It was found that cells without incubation with any 
inducing agents (Figure 5.12A) shows little blue fluorescence signal as 
apoptosis was not induced. Neither is there any red fluorescence, indicating 
the cells stay alive, as PI is not able to penetrate live cells. Indeed, the cells 
appear healthy in Figure 5.12E. Noticeable green fluorescence was observed 
for the cells treated with both cisplatin and sodium ascorbate (Figure 5.12B 
and C) and the highly intensity was obtained for the cells treated with STS 
(Figure 5.12D), indicating STS has a stronger apoptosis-inducing efficacy as 
compared to the other two agents, which is in agreement with literature 
reports.
27
 The partially lit-up nuclei in Figure 5.12B and C indicates only part 
of the cells went through apoptosis for cisplatin and sodium ascorbate treated 
cells while most the cells are dead for STS treated cells (Figure 5.12D and H). 
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Figure 5.12 CLSM and bright field images of MCF-7 cells stained with Z-
TPE-2DEVD (10 μM) without (A, E) with and treatment of cisplatin (B, F), 
sodium ascorbate (C, G) and STS (D, H) at 3 μM each. The nuclei were 
stained by PI for 10 min before imaging. The blue signal is collected between 
430-470 nm upon excitation at 405 nm, and the red signal is collected above 
560 nm upon excitation at 543 nm. The scale bar of 30 μm applied to all 
images. 
5.4 Conclusion 
In conclusion, a light-up probe for caspase-3 detection was designed and 
synthesized by dual-functionalization of an AIE fluorogen with DEVD 
peptides. The E/Z isomers of the probe were successfully separated and duly 
characterized. Molecular docking simulations reveal that E-TPE-2DEVD is 
more efficient in binding with caspase-3 that leads to accelerated reactivity as 
compared to Z-TPE-2DEVD. However, the Z-TPE-2DEVD exhibited a better 
light-up response than its E- counterpart due to higher hydrophobicity and 
emission of the cleaved product Z-TPE-2A. The Z-TPE-2DEVD probe is 
demonstrated excellent selectivity towards caspase with high signal-to-
background ratio. The probe was effective for live cell imaging of caspase-3 
activation, indicating its potential application for real-time apoptosis 




apoptosis-inducing drugs. This study not only presents a facile strategy for 
caspase detection, but also aids in development of effective AIE probes 
through deliberate design of molecular structures, especially those entail 
stereoisomers. 
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CHAPTER 6  NUCLEAR LIGHT-UP PROBE FOR 




As the most prominent organelle in eukaryotic cells, nucleus plays a central 
role in regulation of gene expression. The vital functions of nucleus, such as 
DNA replication and repair, once deregulated, can lead to DNA mutation and 
abnormal cell growth and death, which eventually may evolve into cancers.
1
 
As nuclei in cancerous cells have distinguished architecture compared to that 
of normal cells,
2
 fluorescence imaging of nucleus has been recognized as an 
important tool for diagnosis and treatment of cancers. Nucleus imaging in live 
cells is especially attractive as such ability enables the real-time monitoring of 
the dynamic cell activities without compromising cell integrity. 
A number of fluorescent materials with nuclear permeability have been 





 and quantum dots.
6-7
 Yet, to date, only a few materials 
have been successful in imaging nuclei in live cells. Among the commonly 
used commercial nuclear stains, only few are applicable for live cell imaging. 
Typical examples include Hoechst and DRAQ5, which turn on their 
fluorescence upon DNA intercalation. Such fluorophores are, though, 
generally mutagenic, which poses potential health hazards. On the other hand, 
the cytotoxicity effect of quantum dots remains an issue and excessive surface 






 In addition, most of the aforementioned nucleus imaging agents 
are intrinsically fluorescent, which produce high background signal that 
undermine the image contrast. 
 With proper functionalization of hydrophilic ligands, AIE fluorogens 
can be advantageous as molecular probes as they only light up at the target 
area of interest, giving rise to exceptionally high signal-to-background ratio. 
Successful attempts have been made in applying AIE fluorogens for biomarker 
detection and cell apoptosis imaging. It remains challenging to develop light-
up probes for nucleus imaging.
9-12
 In this contribution, we report the first 
instance of AIE fluorogen-based probe with nuclear targeting capability in live 
cells. As a proof of concept, the typical AIE fluorogen TPE is selected and 
functionalized with a water soluble peptide with nuclear localization signal 
(NLS).
13
 Derived from trans-activator of transcription (TAT) viral proteins, 
the peptide sequence used (GRKKRRQRRR) is rich in positively charged 
arginine and lysine that facilitate cell uptake. The design rational is illustrated 
in Scheme 6.1. The nuclear permeable AIE probe is water soluble and exhibits 
light-up response in nucleus through binding with nucleus components such as 












6.2.1 Chemicals and Instruments 
Chemicals. Alkyne-TAT NLS (A-GRKKRRQRRR, A-NLS) was purchased 
from GenicBio (China). DRAQ5™ red fluorescent dye was purchased from 
Biostatus. Cell lysate extraction kit HPLC-purified DNA oligonucleotides (5'-
ATC TTG ACT ATG TGG GTG CT-3' and 5'-AGC ACC CAC ATA GTC 
AAG AT-3'), histone from calf thymus (type II-A), (+)-sodium L-ascorbate 
(>=98%), copper(II) sulfate (CuSO4,  >=99%), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO) and 
trifluoroacetic acid (TFA), were purchased from Sigma-Aldrich and used as 
received without further purification. Phosphate buffered saline (PBS) solution 
(pH 7.4) was obtained from Vivantis.  Milli-Q water was supplied by Milli-Q 
Plus System (Millipore Corporation, Breford, USA). MCF-7 breast cancer cell 
line was provided by American Type Culture Collection. Hexane and 
tetrahydrofuran (THF) were distilled from sodium benzophenoneketyl 
immediately prior to use.  
Instruments. UV-vis absorption spectra were taken on a Milton Ray 
Spectronic 3000 array spectrophotometer. Photoluminescence (PL) spectra 
were measured on a Perkin-Elmer LS 55 spectrofluorometer. Average particle 
size and size distribution of TPE-N3 and NLS-conjugated TPE (TPE-NLS) 
were determined by laser light scattering (LLS) with particle size analyzer (90 
Plus, Brookhaven Instruments Co. USA) at a fixed angle of 90º at room 
temperature. The cells were imaged by fluorescence microscope (Nikon A1 
Confocal microscope).
1
H NMR spectra were measured on a Bruker ARX 400 




referenced with respect to residual solvent (CDCl3 = 7.26 ppm, (CD3)2SO = 
2.50 ppm or tetramethylsilane Si(CH3)4 = 0 ppm). The synthesized TPE-NLS 
was purified by preparative high pressure liquid chromatography (HPLC) 
(Agilent 1100 series). The analytical LC profiles and molecular mass were 
acquired using liquid chromatography-ion trap-time-of-flight mass 
spectrometry (LCMS-IT-TOF) (Shimadzu). 0.1% TFA/H2O and 0.1% 
TFA/acetonitrile were used as eluents for all HPLC experiments. The flow rate 
was 0.6 mL/min for analytical HPLC and 2 mL/min for preparative HPLC.  
6.2.2 Synthesis of TPE-NLS Probe 
The azide-functionalized tetraphenylethene (TPE-N3) was prepared according 
to previous the report.
14
 TPE-N3 (3.5 mg, 9 µmol) and A-NLS (10 mg, 6.8 
µmol) are dissolved in DMSO. Sodium ascorbate (0.7 mg, 3 µmol) and CuSO4 
(0.3 mg, 1.5 µmol) dissolved in Milli-Q water are added into the DMSO 
mixture to initiate the click chemistry. The reaction is allowed to proceed at 
room temperature under shaking for ~2 days. The product was obtained in 
~50% yield after HPLC purification. The final product is purified by 





 calc. 622.037, found 622.038. 
1
H NMR (400 MHz, 
DMSO-d6, ppm) δ: 8.29 (b, 1H), 8.15 (b, 2H）8.04–7.97 (m, 6H), 7.85 (s, 1H), 
7.77–7.63 (m, 13H), 7.43 (s, 1H), 7.34 (s, 1H), 7.13–7.08 (m, 12H), 7.02–7.01 
(m, 2H), 6.96–6.91 (m, 9H), 5.44 (s, 2H), 4.24–4.14 (m,11H), 3.08–3.07 




6.2.3 Titration of TPE-NLS Probe against Nucleus Components 
Cell Culture. MCF-7 breast cancer cells, U87MG brain tumor cells, and 
SKBR-3 cancer cells were cultured in DMEM containing 10% fetal bovine 
serum and 1% penicillin streptomycin at 37 °C in a humidified environment 
containing 5% CO2. Before experiment, the cells were pre-cultured until 
confluence was reached. 
Cytoplasmic and Nuclear Lysate Extraction. The cytoplasmic and nuclear 
lysates were prepared according to the standard procedures using lysate 
extraction kit as follows. After 80% confluence, the cells (1.5 × 10
7
) were 
harvested with trypsin-EDTA and then centrifuged at 1500 rpm for 5 min in 
50 mL centrifuge tubes. The cells were washed by suspending the cell pellet 
with 1× PBS. The cells were re-centrifuged at 1500 rpm for 3 min. The 
supernatant were carefully removed by a pipette. Ice-cold CER I (1500 µL) 
was added into the tube, and the tube was vortexed vigorously in the highest 
setting for 15 min to fully suspended the cell pellet. The tube was incubated on 
ice for further 10 min. Ice-cold CER II (82.5µL) was added to the tube. The 
tube was then vortexed on the highest setting for 5 sec, and followed by 
incubation on ice for 1 min. After additional 5 sec vortex on the highest setting, 
the tube was centrifuged at 10000 rpm for 5 min. The supernatant was 
immediately removed. The insoluble pellet, which contained the nuclei, was 
then suspended in ice-cold NER (750 µL). The nuclei suspension was 
vortexed on the highest speed for 15 min followed by incubation on ice for 10 
min, which steps were repeated for four times. The suspension was then 




immediately transferred to a new clean and pre-chilled tube. The nuclear 
extracts were stored at -20 °C until use. 
Titration of TPE-NLS Probe against Nucleus Components.  TPE-NLS 
DMSO stock solution is diluted with 1 × PBS buffer in microplate wells. In 
each well varying amount of titrating agents, including as-hybridized double 
stranded DNA (dsDNA), histone and cell nucleus lysate are added into the 
solution. The final concentration of TPE-NLS is maintained as 10 µM. The 
fluorescence of the solution is recorded at excitation wavelength of 312 nm 
and emission wavelength of 480 nm. 
6.2.4 Cell Imaging and Cytotoxicity 
Cell Imaging. The cancer cells were precultured in in the chambers (LAB-
TEK, Chambered Coverglass System) at 37 °C. After 80% confluence, the 
medium was removed, and the adherent cells were washed twice with 1× 
phosphate buffered saline (PBS) buffer. The TPE-NLS probes in FBS-Free 
medium (50µM) were then added to the chamber. After incubation for 4, 12, 
and 24 h, respectively for these three cell lines, the cells were washed twice 
with 1× PBS buffer, and the cells were imaged by fluorescence microscopy 
(Nikon), with equipped DAPI filter upon excitation at 360 nm. For confocal 
imaging, the cells were further incubated with nuclear staining dye DRAQ 5
TM 
(50µM) in FBS-Free medium for 10 min. After washed twice with 1× PBS 
buffer, the cells were imaged using Olympus Fluoview FV1000 imaging 
software. The TPE-NLS fluorescence signal was collected between 430 and 
605 nm upon excitation at 405 nm. The DRAQ5
TM
 fluorescence signal was 




Cytotoxicity of TPE-NLS. The metabolic activity of MCF-7 breast cancer 
cells was evaluated using methylthiazolyldiphenyltetrazolium bromide (MTT) 
assays. MCF-7 breast cancer cells were seeded in 96-well plates (Costar, IL, 
USA) at an intensity of 4 × 10
4
 cells/mL, respectively. After 24 h incubation, 
the medium was replaced by TPE-NLS-contained FBS-Free medium at 50 µM, 
and the cells were then incubated for 4, 12 and 24 h, respectively. The wells 
were them washed twice with 1× PBS buffer and 100 µL of freshly prepared 
MTT (0.5 mg/mL) solution in culture medium was added into each well. The 
MTT medium solution was carefully removed after 3 h incubation in the 
incubator. Filtered DMSO (100 µL) was then added into each well and the 
plate was gently shaken for 10 min at room temperature to dissolve all the 
precipitates formed. The absorbance of MTT at 570 nm was monitored by the 
microplate reader (Genios Tecan). Cell viability was expressed by the ratio of 
the absorbance of the cells incubated with TPE-NLS to that of the cells 
incubated with culture medium only.  
6.3 Results and discussion 
6.3.1 Synthesis and Characterization of TPE-NLS Probe 
TPE-NLS is synthesized via click reaction between the azide-functionalized 
TPE and alkyne-bearing TAT NLS peptide (A-GRKKRRQRRR, A-NLS) as 
shown in Scheme 6.2. The reaction takes place in a DMSO/water mixture 
under catalysis of sodium ascorbate and CuSO4 and the crude product is 
purified by HPLC. The molecular structure of TPE-NLS was confirmed by 
1
H 
NMR spectrum (Figure 6.1) and purity and molecular weight were confirmed 




(Figure 6.2). LC spectra in Figure 6.2 shows a single peak at 9.2 min, with a 
mass to charge ratio of 622.038, which matches well with the triple-protonated 
molecular weight of the probe ([M+3H]
3+
, 622.037), indicating high purity of 
the product. 
 






















H NMR spectrum of TPE-NLS in DMSO-d6. 



















Figure 6.2 LCMS-IT-TOF characterization of TPE-NLS. 
 The optical properties of TPE-NLS as well as its precursor TPE-N3 were 
studied by measuring their absorption and emission at the same concentration. 
Figure 6.3 shows the UV/visible absorption and PL spectra of 10 μM TPE-
NLS probe and TPE-N3 in DMSO/water (v/v = 1:99) mixtures. Both have 
absorption maxima in the region of 300–320 nm and emission maxima around 
480 nm attributed to TPE moiety. The slightly red-shifted absorption spectrum 
of TPE-N3 indicates a degree of aggregation in the polar solvent system. As 
expected, TPE-NLS is virtually non-fluorescent in the DMSO/water mixture 
due to its good water solubility. In contrast, TPE-N3 emits strongly in the same 
solvent as their free molecular rotations are restricted in the aggregated state, 
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Figure 6.3 UV-vis absorption (dashed line) and PL (solid line) spectra of 10 
μM TPE-N3 (blue) and TPE-NLS (red) in DMSO/water (1:99 v/v). λex = 312 
nm. The inset shows the corresponding photographs of TPE-N3 (a) and TPE-
NLS (b) taking under UV lamp illumination (λex = 365 nm). 
6.3.2 Study of TPE-NLS Light-Up Response for Different Nucleus     
Components 
The distinguished optical behaviors of AIE fluorogens prompted us to 
investigate the light-up response of TPE-NLS in the cellular environment. Cell 
nucleus accommodates a complex of materials including double stranded 
DNA (dsDNA), RNA and histone which forms complex with dsDNA to 
constitute nucleosomes. The TPE-NLS probe was then titrated with different 
amounts of the cellular components in cell nuclei.  
As both dsDNA and RNA are highly negatively charged nucleic acids 
with similar electrostatic properties, only dsDNA was used to investigate the 
fluorescence turn-on of the probe. The dsDNA used was hybridized from two 
complementary single-stranded DNA with random sequences. To examine the 
effect of medium, the titration was performed in both pure water and 1× PBS 




Figure 6.4A, the fluorescence intensity of the probe (1 µM) increases by ~5-
fold after incubation with increasing amount of dsDNA in PBS and reaches a 
maximum at ~0.2 µM dsDNA. The fluorescence intensity is slightly larger in 
water, with a similar saturation concentration. The same experiment was also 
performed using TPE-NLS at a larger concentration (10 µM) as shown in 
Figure 6.5A. A significant fluorescence enhancement was observed with a 
higher saturation concentration ([dsDNA] = 1.5 µM).  
 It is hypothesized that the enhanced emission is attributed to AIE 
mechanism due to electrostatic interactions between the oppositely charged 
TPE-NLS and dsDNA. The complex formation is able to block the free 
rotation of TPE molecules. To test the hypothesis, the hydrodynamic diameter 
of the probe (10 µM)  before and after incubation with dsDNA at the saturated 
concentration in 1 × PBS solution is measured by laser light scattering (LLS). 
As shown in Table 6.1, little signal has been collected for the probe alone, 
indicating a well solubilized state of the probe. The addition of dsDNA results 
in readily detectable nanoparticles with an average diameter of 249.4 ± 11 nm, 
signaling the formation of nanoaggregates. In the presence of salts, the 
electrostatic interaction between the probe and dsDNA can be partially 
screened, leading to smaller emission in PBS, which agrees with the findings 


















































Figure 6.4 Fluorescence intensity of 1 μM TPE-NLS upon addition of cellular 
components: dsDNA (A) and histone (B) at different concentrations. λex = 312 
nm, λem = 480 nm. 
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Figure 6.5 Fluorescence intensity of 10 μM TPE-NLS upon addition of 
cellular components: dsDNA (A), histone (B) and nuclear lysate (C) at 






TPE-NLS 6.5 147.9 55 
TPE-NLS + dsDNA* 61.7 249.4 11 
TPE-NLS + Histone* 14.4 238.7 28 
TPE-NLS + Nuclear Lysate* 21.0 197.3 26 
* 
No signals were collected for all cellular components tested (dsDNA, histone 
and nuclear lysates) alone. 
Table 6.1 LLS measurements of 10 μM TPE-NLS before and after incubation 





 The addition of histone to TPE-NLS (1 μM), on the other hand, also 
induces substantial fluorescence enhancement in PBS (Figure 6.4B). However, 
little fluorescence enhancement was observed for probes in pure water. As the 
protein has positive net charges (pKa ~11.7) in PBS buffer, the interaction 
between histone and the probe is estimated to be mainly hydrophobic in nature. 
As the pH values of the buffers are similar, the presence of salts has a notable 
effect on probe-histone interaction. As the repulsive forces are screened in 
PBS buffer, the probe and protein are able to interact through hydrophobic 
interactions while no effective interaction is possible in pure water where they 
stay relatively isolated. At higher probe concentration (10 μM), similar 
fluorescence enhancement was observed (Figure 6.5B).  As witnessed by the 
LLS measurements, the mean effective diameter of the probe/histone complex 
was found to be 238.7 ± 38 nm, but with a much weaker signal was obtained 
than that for dsDNA. Therefore, in addition to the weak electrostatic 
interaction that causes aggregation of the TPE-NLS, the probe might also be 
engulfed by the hydrophobic pockets of the protein which restricted its 
molecular motion to activate AIE mechanism.
15
 The results also show that 
probe concentration has a greater susceptibility on electrotrostatic interaction 
as compared to hydrophobic interaction due to the larger turn-on response for 
dsDNA at higher probe concentration. 
 To further verify the light-up ability of the probe in the cellular 
environment, the nuclear lysate was extracted from MCF-7 cells using a cell 
extraction kit. The concentration of the lysate is expressed as cell density. It is 
found that addition of the lysate is able to induce fluorescence light-up of the 




is a result of AIE phenomenon due to interaction between the probe and active 
components inside nuclei through a combination of electrostatic and 
hydrophobic interactions. The aggregate formation was also confirmed by 
LLS measurements (Table 6.1), which shows reasonably high signal of 
nanoaggregates. 
6.3.3 Nuclear Imaging of Cancer Cells using TPE-NLS 
The probe was then applied for cellular imaging in live MCF-7 cells. The cells 
were incubated with 50 μM TPE-NLS for 12 h before imaging. Figure 6.6A 
shows the fluorescence images taken using the fluorescence microscope at 60 
× magnification under excitation of 360 nm and the signal is collected above 
420 nm. The corresponding bright field and overlay images are shown in 
Figures 6.6B and 6.6C, respectively. It can be seen that the majority of 
fluorescence signals are localized in the nuclear region and diffuse signals can 
be observed in the cytoplasm. To further reveal the location and distribution of 
the probe in the cells, confocal fluorescence imaging was performed under the 
same experimental conditions as it enables both cross-sectional and 3D views 
of fluorescence signals. A red fluorescent commercial nucleus imaging dye 
DRAQ5 was used as a counterstain. As seen from the CLSM images in Figure 
6.6D, obvious blue fluorescence from TPE-NLS was observed and overlaps 
well with the red fluorescence of DRAQ5 (Figure 6.6E) to give a magenta 
color in the overlay image (Figure 6.6F). The intense integrated signal at Z-
sections of the nuclei indicates effective uptake of the probe. It is shown that 
fluorescence signal is accumulated mainly at nuclear envelope which the 
probe enters nuclei and nucleolus where proteins and nucleic acids reside. The 




cellular proteins or nucleic acids in the cytoplasm region that could also 
interact with TPE-NLS to cause induced emission.  








Figure 6.6 Fluorescence image (A), bright field image (B) and fluorescence/ 
bright field overlapped image of MCF-7 cells treated with TPE-NLS at 50 μM 
for 12 h. The fluorescence signal is collected above 420 nm upon excitation at 
360 nm. CLSM Z-section images of MCF-7 cells treated with TPE-NLS at 50 
μM for 12 h (D), DRAQ 5TM at 50 μM for 10 min (E) at 37oC, and the 
overlapped image (F). The blue signal is collected between 430-470 nm upon 
excitation at 405 nm for TPE-NLS, and the red signal is collected above 650 
nm upon excitation at 633 nm.  
 The effect of incubation time on fluorescence intensity profile of the 
probe is investigated. Figure 6.7 shows the fluorescence images of MCF-7 live 
cells incubated with TPE-NLS for 4, 12 and 24 h, respectively. At 4 h 
incubation, only weak signals from TPE-NLS can be observed in nuclei with 
poor contrast, indicating the probe has not been taken by cells efficiently at 
this stage. As the incubation time increases, there’s an intensifying blue 
fluorescence in the nucleus region, indicating the probes are continuously 
migrating into nuclei and accumulating over time. A reasonably good contrast 




The mechanism of transport of TAT NLS in cells has been widely 
discussed in previous reports, which revealed that both passive diffusion and 
importins α and β-mediated import of NLS into nucleus are responsible for 
nuclear localization.
16-18
  However, later evidence suggested the dominant 
mechanism of nuclear import of TAT NLS in live cells is passive diffusion.
19
 
This is supported by the argument that the binding between the importins and 
the TAT NLS is hindered by the overwhelming interaction between other 
cellular components and highly positively charged NLS peptide.
20
 It is 
reasonable to assume the TPE-NLS enters nuclei primarily via passive 
diffusion as it is a relatively slow process as compared to active transport, 
which is in accordance with the time-dependent manner in fluorescence 
change observed in Figure 6.7. In addition, some of the probes may interact 
with the cellular components in cytoplasm before they reach the nuclei, 







Figure 6.7 Fluorescence images of MCF-7 cells treated with TPE-NLS at 50 
μM for 4 (A), 12 (B), and 24 h (C), respectively. The fluorescence signal is 




corresponding bright field images. The scale bar of 30 μm applied to all 
images. 
The cytotoxicity of the probe (50 μM) incubated for different time 
periods under the above conditions were evaluated using MTT assay. As 
shown in Figure 6.8A, the probe exhibited good viability in all cases. The 
slight increased cytotoxicity of the probe at longer incubation time is mainly 
attributed to the TAT peptide that may prohibit cell growth.
21
 In addition, the 
cytotoxicity of both the probe and DRAQ5 at 10 μM was compared at 
different incubation periods. As shown in Figure 6.8B, TPE-NL probe 
exhibited much lower cytotoxicity than the commercial DRAQ5 stain. At 12 h 
incubation, DRAQ5 has already induced significant cell death and the 
majority of the cells are dead after 24 h incubation. In contrast, the cell 
viability remains high (close to 100 %) after 24 h incubation of TPE-NLS, 




















































Figure 6.8 (A) In vitro viability of MCF-7 cancer cells treated with TPE-NLS 
solution at concentration of 50 µM for 4, 12 and 24 h, respectively. (B) In 
vitro viability of MCF-7 cancer cells treated with TPE-NLS and DRAQ5 
solution at concentration of 10 µM for 12, 24 and 48 h, respectively. The 
percentage cell viability of treated cells is calculated relative to that of 
untreated cells with a viability arbitrarily defined as 100%. The data is based 
on six measurements.   
 To examine the general applicability of the probe, nucleus imaging of 
the probe in other types of cells was attempted. Figure 6.8 in SI shows the 
fluorescence images of two different cell lines, glioblastoma cell line (U87MG) 
and breast cancer cell line (SKBR3) after 12-h incubation of TPE-NLS at 37
o
C. 
The nuclei of both cell lines are clearly visualized with TPE-NLS. These 
results illustrate that the probe can be used for a general collection of cell lines, 
though the cell penetration and internal distribution of the probe may vary 












Figure 6.9 Fluorescence images of SKBR-3 (A) and U87MG (B) cells treated 
with TPE-NLS at 50 μM for 12 h. The fluorescence signal is collected above 
420 nm upon excitation at 360 nm. Images C and D are the corresponding 
bight field images. The scale bar of 30 μm applied to all images. 
6.4 Conclusion 
In summary, we have demonstrated the proof of concept for using TAT NLS-
conjugated AIE fluorogen for nuclear imaging in live cells. The NLS peptide 
not only renders the probe water soluble, but also endows it with live cell 
permeability and nuclear localization property. The TPE fluorogen works 
cooperatively with NLS to achieve nuclear penetration and fluorescence light-
up owing to its AIE nature. The concept demonstrated here provides a simple 
and facile solution for development of imaging contrast agents for nuclei. By 
selecting a properly modified NLS sequence, such as by reducing the 
positively charged amino acids that tend to interact with interfering substances, 
the transport mechanism can be altered to allow for a better selectivity for the 




enable flexible tuning of emission properties and excitation wavelength. 
Furthermore, dual functional probe can be developed by attaching an 
additional cargo, which is potentially useful for both imaging and therapeutic 
applications such as nucleus targeted drug or gene delivery.  
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CHAPTER 7 CONCLUSIONS AND 
RECOMMENDATIONS 
7.1 Conclusions 
In summary, we have presented a series of fluorescence light-up probes based 
on AIE fluorogens. The probes were synthesized by simply functionalizing a 
TPE fluorogen with a target specific functional group or peptide substrate. The 
additional ligand not only imparts target selectivity, but also renders the probe 
highly water soluble. Due to the free intermolecular rotations of the TPE 
molecule, the probe is not able to emit efficiently and stays in the off state. 
The fluorescence of the probe can be turned on by either converting the probe 
into a hydrophobic entity which undergoes aggregation in aqueous medium, or 
by directly inducing the aggregation of probe through binding or 
immobilization to restrict the molecular motions of the probe. Taking 
advantage of its light-up ability, various probes can be constructed for sensing 
a wide range of species as well as imaging applications. 
Firstly, an alkaline phosphatase (ALP) light-up probe was developed. 
The probe consists of a TPE unit functionalized with two phosphate groups. 
Due to the dual functionalization of charged phosphate groups, the probe has 
exceptionally good water solubility and thus low background signal. In the 
presence of ALP, The dephosphorylation reaction takes place to yield a 
hydrophobic TPE residue, leading to significantly enhanced fluorescence as a 
result of aggregation-induced emission. Based on the extent of hydrolysis 
reaction and fluorescence turn-on, the TPE-phos probe was able to quantify 






 in buffer and 30–135 UL-1 in FBS, respectively, indicating its 
potential for clinical diagnosis of ALP levels in real samples. In addition, the 
enzymatic kinetics were studied using TPE-phos as the substrate. The kinetic 
parameters were calculated to indicate a high effectiveness of the substrate. As 
compared to commercial fluorogenic probe such as 4-MUP, TPE-phos has a 
higher signal-to-background ratio.  
 Secondly, taking advantage of the AIE mechanism and charged nature of 
TPE-phos, a paper-based assay for lysozyme was developed for the first time. 
The immobilization of AIE probe on solid substrate provides a convenient 
way to turn on the fluorescence. The use of filter paper strips further makes it 
cheap and simple. In this work, polystyrene beads were used to load lysozyme 
binding aptamer which can capture target lysozyme through specific 
interaction. A simple test strip was then constructed by immobilizing the 
conjugated beads on a paper strip. Upon binding with lysozyme, the PS-
spotted area becomes partially positively charged which can attract the 
negatively charged TPE-phos. Using TPE-phos as the fluorescent stain, a 
readily detectable fluorescence signal is observed as a result of TPE-phos 
aggregation on paper strips. The fluorescence can be easily perceived by 
naked eyes upon hand-held UV lamp illumination. The assay was found to be 
selective to lysozyme and the detection limit was 2 μg/mL. As compared to 
conventional small molecule dyes such as quinolone sulfate, the TPE-phos 
provided a superior performance with much higher signal-to-background ratio. 
The probe indeed showed great potential for strip-based detection which can 




Thirdly, a light-up probe was constructed for detection of caspase and 
caspase-regulated apoptosis. The work not only demonstrated its competency 
in caspase detection, but also explored the difference in fluorescence response 
for two stereoisomers of the probe. A TPE unit was functionalized with two 
units of caspase specific peptide sequence DEVD via the click chemistry to 
yield E/Z-TPE-2DEVD in a racemic mixture. The two isomers were separated 
and purified using HPLC according to their difference in hydrophobicity. 
Their isomeric structures were identified by first confirming their respective 
precursors E/Z-TPE-2N3 since the crystal structure is easily obtained for 
smaller molecules. Due to the good water solubility, the probes appeared 
almost nonfluorescent in aqueous medium. The presence of caspase-3, an 
important biomarker for cell apoptosis, cleaves the peptide after the aspartate 
residue to give a highly fluorescent product. It was found that the E-TPE-
2DEVD can induce a much more rapid change of fluorescence intensity and 
achieve steady state within a shorter period as compared to its Z- counterpart. 
This indicates that the probe in E isomer can interact with the caspase more 
efficiently. However, the Z-TPE-2DEVD can induce much higher 
fluorescence turn-on ratio, giving a higher signal-to-noise ratio. The probe Z-
TPE-2DEVD is then demonstrated for caspase-3 detection and quantification 
and shows good selectivity over a range of other proteins. The probe has also 
been demonstrated useful for real-time imaging of cell apoptosis and screening 
of apoptosis-inducing drugs. 
 Finally, in addition to biomolecule sensing, AIE probes were also used 
for nucleus-targeted cell imaging. By functionalization of a TPE fluorogen 




into cells and localize in nuclear region. The NLS peptide renders the probe 
highly water soluble and nonemissive. Titration experiment shows that the 
probe shows light-up response to the major nucleus components, namely 
dsDNA and histone. Significant fluorescence enhancement was observed 
when the probe was incubated with the negatively charged dsDNA, which is 
due to the electrostatic interaction that induces probe aggregation. In contrast, 
the probe interacts with histone mainly through hydrophobic binding. TPE-
NLS was successfully applied for nuclear imaging. There is a good overlap 
between the blue signal from TPE-NLS and a commercial nuclear stain. It was 
found that the fluorescence intensity in the nuclear region intensifies over a 
period of 12 h. Good visual contrast was achieved with low cytotoxicity. The 
time-dependent manner of nuclei light-up suggested that the major mechanism 
of nuclear localization of the probe is passive diffusion.  The probe is 
generally applicable for different cell lines. 
 In conclusion, we have developed a general strategy for fabrication of 
bioprobes using AIE fluorogens. Instead of trying to eliminate aggregation 
associated problems, the AIE probes turn aggregation into an advantage, 
converting it into a facile solution for sensing and imaging in aqueous medium. 
As compared to conventional probes, they have a higher potential in achieving 
excellent signal-to-background ratio, and they are biocompatible and easy to 
fabricate. Real time and continuous monitoring of biological targets can be 
performed during cell imaging as the washing steps are eliminated. The 
strategy certainly has not solved all problems, but offers new opportunities for 




AIE probes can become competent candidates for a wider range of 
applications. 
7.2 Recommendations 
As the two major components of the probes, both the AIE fluorogen and the 
functional group or conjugated ligand can be varied or optimized to achieve 
even better performance or to suit for different applications. First of all, as the 
signal reporter of the probe, the TPE molecule can be replaced with other type 
of AIE fluorogens. In this thesis, TPE is used to demonstrate the effectiveness 
of biosensing and imaging applications as it is one of the most studied and 
simplest AIE fluorogens. However, due to their blue emitting nature, there can 
be certain limitations in some applications. For example, in vivo imaging 
requires the emission of fluophore to be in the higher wavelength range to be 
compatible with the laser. In such cases, an orange or red AIE fluorogen is 
preferred as they can be effectively excited and reduces the likelihood of 
autofluorescence. Therefore, the caspase probe developed in Chapter 4 can be 
used for in vivo apoptosis imaging if TPE can be replaced with a red-emitting 
fluorogen.  
 The protein probes synthesized in this thesis (Chapter 3 and 5) are 
mainly based on the enzymatic cleavage to result in generation of a fluorescent 
product, which can only be applied for enzymes. In order to expand their 
applicability to a wider range of targets, the functionalized substrates can be 
replaced with other ligands that have affinity to certain targets. For example, 
an AIE fluorogen can be functionalized with an aptamer, which is an 




molecules. Due to the negatively charged nature of the aptamer, the probe can 
be made water soluble and nonfluorescent. Once the aptamer binds the target, 
the probe becomes more rigid, which restricts the molecular motions of the 
phenyl rings and leads to fluorescence turn-on. The aptamer can also be 
replaced with peptides that can recognize certain target proteins or an ssDNA 
for recognition of complementary DNA strands. These binding type probes are 
advantageous over their cleavage type counterparts as they are less dependent 
on reaction kinetics and thus provide a more reliable way of target 
quantification. Upon assay optimization, these probes can be further tested in 
real samples to demonstrate their ability of real-time biomarker screening for 
various diseases.  
 In Chapter 4, the proof of concept is demonstrated for paper-based 
protein detection using TPE-phos. This prototype is bound to inspire more 
similar design which transfers the bioassay into a lab on a chip format. Future 
stains can be developed using an AIE fluorogen with a red-shifted emission as 
they can provide a better visual contrast than the blue dye which tends to 
interfere with the violet emission of the UV lamp. Using an AIE fluorogen 
with higher charge density or quantum yield can further enhance the signal-to-
background ratio and improve assay sensitivity. Nevertheless, since such 
fluorescent stains are mainly relying on the electrostatic attraction, they may 
have limited application for detection of other type of species and subject to 
nonspecific interaction in a complex mixture of analyte solution. In this regard, 
AIE probes can be constructed to target biomolecules directly through 
binding- and immobilization-induced emission. For example, an AIE 




recognizes certain biomolecules. Upon incubation of the target captured paper 
strip in the probe solution, the AIE probe can bind to the target molecule to 
have their fluorescence turned on on the strip. As they do not bind to other 
nonspecific molecules, the assay will be highly selective. This type of 
sandwich assay can be used to detect proteins, nucleic acid and other small 
molecules. 
 Chapter 6 has demonstrated the effectiveness of using AIE probe as 
nucleus stain in live cells. Yet, there is much more potential for exploring. 
Firstly, as there are currently very limited choice of commercial nucleus stains, 
development of AIE probes may fill the blank. The TPE dye can be substituted 
by other AIE fluorogens with a range of emission wavelengths to suit for 
different imaging requirements. Secondly, the NLS sequence conjugated to 
TPE can be further optimized. As the selectivity of the probe for nucleus is 
mainly determined by localization of the ligand, the mechanism of nuclear 
localization affects significantly the take up speed and the visual contrast. 
Higher positive charge facilitates probe internalization and signal light-up, but 
also leads to overwhelming interaction with interfering substances that 
prohibits the importin-mediated import into nucleus. Hence, the peptide 
sequence can be redesigned to allow for an active import instead of slow 
passive diffusion. This may help to minimize the fluorescence background in 
cytoplasm region and reduce incubation time as the probe can reach the nuclei 
much faster. In addition, such probes can be dual-functionalized with an 
additional drug for cancer therapy. For example, the probe can be further 




chemotherapy. The probe can effectively deliver the drug into nucleus and 
prevent it from leaking out due to aggregation formation. 
 Dual functionalization of AIE fluorogen may also enable dual-modal 
biomolecule detection or imaging. We have recently proposed a strategy for 
dual-modal fluorescence and magnetic resonance imaging (MRI) of cell 
apoptosis. An AIE fluorogen can be functionalized with both caspase-specific 
DEVD and a ligand for chelating Gd
3+
, a well-known MRI contrast agent. 
Such a probe not only can be applied for fluorometric assay of caspase and 
fluorescence imaging of caspase, but also be visualized by MRI. More 
importantly, as the quantity of Gd
3+
 does not vary with aggregation conditions 
like the fluorescence does, it provides a reliable way to quantify the probe 
uptake ratio by measuring the amount of Gd
3+
 present in the cells. In addition, 
when the probe is applied for in vivo imaging, MRI is able to reveal to 3-
dimentional distribution of the probe and provide more information that is 
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